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Organic materials are ubiquitous in the geologic enviro ment, and can exert 
significant influence over the interfacial propertis of minerals. However, due to the 
complexity in their structure and interaction with soil solids, their impact has remained 
relatively unquantified. This study investigated the engineering behaviors of organoclays, 
which were synthesized in the laboratory using naturally occurring clay minerals and 
quaternary ammonium compounds of controlled structue and density of loading. Organic 
cations were chosen to study the effects of functioal group structure and size. 
The laboratory investigation showed that the presence of the organic cations on 
the mineral surfaces led to increased hydrophobicity of all clays tested. Conduction 
studies on the electrical, hydraulic, and thermal properties of the organoclay composites 
suggested that increasing the total organic carbon content resulted in decreased electrical 
and thermal conductivity, but increased hydraulic conductivity, due to the reduced 
swelling of the base clay mineral phase. Electrokinetic properties of the organoclays 
illustrated that compared with the clay’s naturally occurring inorganic cations, exchanged 
quaternary ammonium cations were more likely bound within a particle's shear plane. 
Consequently, organoclays had less negative zeta potential than that of unmodified 
bentonite. Increasing the length of one carbon tail w s more effective at binding organic 
cations within the shear plane than increasing the siz  of the cation, when compared on 
the basis of total organic carbon content.  
In terms of large strain strength, the modified organic clays exhibited increased shear 




hydrophobic organic layering. Shear strength increased with single carbon tail length or 
with cation size, although the latter effect tended to reach a plateau as the length of the 
four short cation tails increased from 2 to 4. In terms of small strain behavior, the shear 
modulus was shown to be a function of the total organic carbon content. It is believed 
that number of particle contacts increased as the organic carbon content increased. 
Stiffness increased as either the size of the cation or the total organic carbon content was 
increased. Damping also increased as the organic loading was increased, with the organic 





Chapter 1 Properties and Behavior of Engineered Organic 
Phases on Soil  
 
Organoclays are composites of organic matter and clay minerals that have had 
their naturally occurring inorganic cations exchanged with organic cations. Bentonite is a 
naturally occurring mixed mineral soil that is composed primarily of montmorillonite, a 
commonly occurring aluminosilicate clay mineral. Due to isomorphous substitution, 
montmorillonite exhibits a permanent structural surface charge that attracts weakly 
bonded interlayer cations to neutralize that charge (van Olphen, 1977). Typically, 
interlayer cations are inorganic (e.g. Na+, Ca2+). However, organic-clay complexes can be 
made by exchanging the clay’s naturally occurring iorganic cations with a variety of 
organic cations. Quaternary alkylammonium cations (QACs), with a nitrogen head group 
and four positions for functional groups, have been xtensively studied as exchange 
cations in montmorillonite (Figure 1-1). The organic phase sorbs on the mineral surface 
through electrostatic attraction with the nitrogen head group. As the sorbed organic 
content is increased, the clay surfaces change fromhydrophilic to hydrophobic. The 
cation exchange generates an organic-enriched phase on the mineral surface that is highly 
sorbent for nonpolar organic compounds, which have potential applications as 
wastewater and groundwater sorbents (Bartelt-Hunt et al., 2005a).  
Quaternary ammonium organic cations belong to a class of surfactants known as 
self-assembling monolayers (SAMS), which have been studied extensively as model 




al., 2004; Lin et al., 2005; Ruths et al., 2003), and s sorptive additives in environmental 
containment and remediation systems (Bartelt-Hunt et al., 2003; Bartelt-Hunt et al., 
2005a; Bartelt-Hunt et al., 2005b; Lorenzetti et al., 2005; Redding et al., 2002; Smith et 
al., 2003). The formation of self-assembled monolayers can be controlled by 
manipulating the surfactant type and concentration, as well as the mineral solid surface. 
Because they can act as lubricants, SAMS are attractive model compounds for the study 
of friction and adhesion at the molecular and nanoscale levels. A variety of surfactants 
can be chosen, with properties manipulated to optimize the robustness of the layer, the 
lubrication of the interface, or the contaminant sorptive capacity of the engineered 
























































Figure 1-1. Sturcture of quaternary ammonium cations: a) nitrogen head group, 
with four locations for exchangeable functional groups; replacement can occur at 
each location, with either singular, or multiple replacements occurring by a variety 
of functional groups with specifcied structure; b) tetramethylammoniumchloride, 
with ammonium (N) center and four methyl (CH3) functional groups. 
 
In aluminosilicate minerals, the organic cations penetrate the interlamellar space, 
replacing the naturally occurring inorganic cations like Na+ or Ca2+. These engineered 
clays have been synthesized from a variety of clay minerals including montmorillonite, 




Polubesova and Nir, 1999). However, montmorillonite, or bentonite, is the most 
commonly used mineral. The organic cations can be chosen so that the tail length of the 
cation is longer than the interlamellar spacing of the substrate mineral, which will result 
in the expansion of the mineral. Sample x-ray diffraction data, gathered for two 
quaternary ammonium organic cations, hexadecyltrimehlyammonium (HDTMA) and 
benzyltriethlyammonium (BTEA), are given in Table 1-1 (Burns et al., 2006a). The 
cations were added to montmorillonite at increasing percentages of the montmorillonite’s 
cation exchange capacity (CEC). As the percent CEC exchanged with HDTMA organic 
cations was increased, the dry basal spacing of the montmorillonite increased, up to a 
maximum of approximately 21-22 Å, which is the approximate tail length of the 
HDTMA cation. In contrast, the smaller BTEA cation with a tail length of approximately 
10 Å, which is somewhat smaller than the interlamellar spacing of the unmodified 
montmorillonite, did not significantly expand the interlayer spacing of montmorillonite 
(Table 1-1).   
Previous studies on adsorption of organic compounds and surfactants onto solid 
surfaces demonstrated that there were multiple driving forces for adsorption, including 
electrostatic or coulombic interaction, covalent bonding, hydrogen bonding (in systems 
containing hydroxyl, phenolic, carboxylic and amine groups on the surfactants), 
hydrophobic lateral interactions (transferring the hydrocarbon chains from the aqueous 
environment into the hydrophobic interior of the aggregates, when hemi-micelles formed), 
hydrophobic interaction between the hydrocarbon chains nd hydrophobic sites on the 
solid like talc or graphite, solvation (due to dissolution or solvation of the adsorbate 




(when a hydrated head group of the surfactant transfers from the bulk to the mineral-
solution interfacial region, water from the secondary solvation shell around the 
surfactants head groups may be partially removed) (Fuerstenau, 1971; Fuerstenau and 
Pradip, 2005; Zhang and Somasundaran, 2006).  
Table 1-1.  Basal Spacings of Two Organically Modified Clays (Burns et al., 2006a) 
Clay Basal Spacing 
(Å) 
Clay Basal Spacing 
(Å) 
Unmodified Montmorillonite 15.0   
HDTMA 30 14.7 BTEA 30 14.8 
HDTMA 50 16.3 BTEA 50 14.9 
HDTMA 70 20.2 BTEA 70 14.8 
HDTMA 90 21.9 BTEA 90 undetermined 
HDTMA 120 20.9 BTEA 120 14.9 
 
The theoretical structure of alkylammonium ions arrangement on the clay surface 
was proposed as (Lagaly et al., 2006): alkylammonium ions with short-chain(s) usually 
form monolayers, while alkylammonium ions with a single long chain can form 
monolyers, bilayers (pseudo-trilayers on highly-charged phyllosilocates), or paraffin 
structures, which tend to form on the alkylammonium ions with two or more long carbon 
chains (Table 1-2). This structure has been studied experimentally and by molecular 
simulations, and provides a consistently reliable explanation for the behavior of 
organoglays (Liu et al., 2007). In the monolayer structure, the hydrophilic head group (N+) 
orients toward the clay surface with the hydrophobic alkyl chains either lying flat, 




the clay surface. In a bilayer structure, excess alkyl mmonium ions with a single long 
chain can arrange with their long chain towards the clay surface, while their head group 
points towards the bulk solution.  
Quaternary ammonium cations can be chosen with different structures to optimize 
the chemical or mechanical behavior. Additionally, the amount of organic cation 
exchanged onto the surface of a clay can also be vari d. By targeting a percentage of a 
clay’s cation exchange capacity (CEC) for replacement, the total organic carbon content, 
or the amount of cation on the clay surface, can be car fully controlled. In terms of 
surface coverage, the following simplified analysis y elds a conceptual model for the 
amount of surface coverage for five of the quaternary ammonium cations that were 
chosen for study in this work (Table 1-3). The analysis assumed that all the available 
exchange sites (i.e., cation exchange capacity) on a clay mineral were uniformly 
distributed across the clay surface and the clay mineral had one exchange site spaced 
every 2.4 nm, which is equivalent to a CEC = 69.1 meq/100 g. This would result in an 
exchange site area of influence of 1.44 nm2. The quaternary ammonium cations 
tetramethylammonium (TMA, denoted: 4C1) chloride , tetraethylammonium (TEA, 
denoted: 4C2) bromide, tetrapropylammonium (TPA, denoted: 4C3) bromide, 
tetrabutylammonium (TBA, denoted: C4) bromide, would cover 26%, 35%, 44%, and 53% 
of the clay surface area, respectively, assuming that t e cations were distributed in a 
circular area on the surface with a diameter of 0.694 nm for TMA, 0.80 nm for TEA, 
0.904 nm for TPA, and 0.998 nm for TBA (Robinson and Stokes, 1965). Similarly, the 
QACs with long C-chains, such as hexadecyltrimethylammonium (HDTMA, denoted: 




groups occupy the same area. However, the long tail length (2.5 nm for HDTMA), could 
cover as much as 100% of the surface, depending on orie tation.  
This research investigated the properties of quatern ry ammonium cations and 
quantified their engineering effects on clays as functions of the molecular structures and 
cation loadings. Effects of two structures was studied: the branch effect examined the 
influence of increasing the cation size by increasing the size of the functional groups in 
all four quaternary positions on the cation (TMA, TEA, TPA, and TBA, Table 1-3), while 
the tail length effect examined the influence of increasing the cation size by increasing 
the length of the functional group in only one positi n (i.e., cation had three methyl 
groups CH3 and one functional group with increasing number of carbons in the chain, for 
example, HDTMA in Table 1-3). Then electrokinetic, electromagnetic, and geotechnical 
tests were carried out to analyze the effect of cation loading, or total organic carbon 
content, on the behavior of the organoclays made with the quaternary ammonium cations. 
Tests were also conducted to characterize the organic c tions in the dissolved state, as 
well as when sorbed to clay surfaces. The following chapters present the results of the 
organoclay study. Chapter 2 focused on characterizaion. Chapter 3 presented the 
electrical, hydraulic, and thermal conductivities. Chapter 4 gave results of zeta potential. 
The large strain strength and dynamic properties were r ported in Chapter 5 and 6, 
respectively. Chapter 7 summarized the behavior of the organoclay composites.  
 
 
Table 1-2. Theoretical Structure of Organoclay Complexes with Increasing Organic 





















Table 1-3. Structure of Selected Quaternary Ammonium Cations 
QAC Structure 







































































































































































Table 1—3 continued. Structure of Selected Quaternary Ammonium Cations 
QAC Structure 

















































































































































































































The organic cations studied in this work were surfactants (surface active agents) 
that contain hydrophobic functional groups (akyl) and a hydrophilic head group (amine). 
Quaternary ammonium cations (QACs) consist of an ammonium center with four 
branches for attachment of functional groups (Figure 1-1). The ammonium center is 
hydrophilic, with an excess of positive charge, while the branched functional groups are 
hydrophobic with a neutral charge. Due to the large hydrophobic driving force from the 
neutrally charged functional groups, the affinity of QACs to the clay mineral surface is 
very high. Once exposed to the clay surface, QACs displace naturally occurring inorganic 
cations (e.g., Na+) and are very easily adsorbed onto the mineral surface, forming 
organoclays. When exchanged at percentages below the ca ion exchange capacity (CEC) 
of clay minerals such as montmorillonite, the adsorpti n is primarily due to electrostatic 
attraction. The hydrophilic nitrogen-head groups bond to the clay surface at sites of 
excess negative charge, while the hydrophobic alkyl groups can coat the mineral surface, 
or extend to the bulk solution, depending on their concentration. The cation arrangement 
on the particle surfaces result in an organic layer on the mineral surfaces which alter the 
interfacial behaviors of the resulting organoclay, leading to changes in adsorption 




This chapter performs characterization of five organoclays (TMA, TEA, TBA, 
DTMA, and HDTMA) made from quaternary ammonium cations and a sixth cation, 
dodecyltrimethylammonium (DDTMA) which was also studied for its behavior in 
aqueous solution. The organic cations were such chosen as to study the effect of 
increasing cation tail length (i.e., increasing chain length in one functional position, 
TMA→DTMA→DDTMA→HDTMA), and of increasing the branch length (i.e., 
increasing the chain length in all four positions, TMA→TEA→TBA). Additionally, the 
effect of organic concentration on the particle surface was also examined for the TMA 
and HDTMA cations by increasing the percentage of cations exchanged on the surface at 
30%, 60% and 100% of CEC replacement. The organoclays were tested for total organic 
carbon content, Atterberg limits, specific gravity, specific surface area, and surface 
tension of the aqueous surfactants solutions (Table 2-1). 
Table 2-1. Test Matrix for Study of Organobentonites: Atterberg Limits and 
Specific Surface 
Organic Cation 
Amount of organic cations exchanged 
(% CEC of bentonite) 
30% 60% 100% 
TMA × × √ 
TEA × × √ 
TBA × × √ 
DTMA × × √ 
HDTMA √ √ √ 




Materials and Methods 
Wyoming bentonite (CG-50, CETCO), composed primarily of sodium 
montmorillonite, was the base clay for the study and was used as received. The natural-
organic carbon content of the material was 0.2% (Huffman Laboratories, Inc., Golden, 
CO), and its cation exchange capacity (CEC) was 69.1 meq/100g (Hazen Research Inc., 
Golden, CO). Five quaternary ammonium cations were chosen for study: 
tetramethylammonium (TMA, denoted: 4 C1) chloride [(CH3)4NCl], tetraethylammonium 
(TEA, denoted: 4 C2) bromide [(CH2CH3)4NBr], tetrabutylammonium (TBA, denoted: 4 
C4) bromide [((CH2)3(CH3))4NBr], decyltrimethylammonium (DTMA, denoted: 1 C10) 
bromide [(CH3)3NC10H21Br], and hexadecyltrimethylammonium (HDTMA, denoted: 1 
C16) bromide [(CH3)3NC16H33Br] (Figure 2-1). The properties of the aqueous soluti n of 
a sixth organic cation dodecyltrimethylammonium (DDTMA, denoted: 1 C12) bromide 
[(CH3)3NC12H25Br] were also studied. All cations were obtained from Fisher Scientific, 
and were used as received. The water used in all experimentation was deionized 
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Figure 2-1. Structure of the quaternary ammonium cations tested in this study: a) 
tetramethylammonium (TMA, denoted: 4 C1) chloride [(CH3)4NCl], b) 
tetraethylammonium (TEA, denoted: 4 C2) bromide [(CH2CH3)4NBr], c) 
tetrabutylammonium (TBA, denoted: 4 C4) bromide [((CH2)3(CH3))4NBr], d) 
decyltrimethylammonium (DTMA, denoted: 1 C10) bromide [(CH3)3NC10H21Br], 
and e) hexadecyltrimethylammonium (HDTMA, denoted: 1 C16) bromide 




The organobentonites were synthesized in the laboratory by exposing the particle 
surfaces of the bentonite to an aqueous solution containing the quaternary ammonium 
cation TMA and HDTMA at 30%, 60%, and 100% of the cation exchange capacity of the 
clay, while TEA, TBA, and DTMA were exchanged at 100% of the cation exchange 
capacity of the clay. The chosen organic compound was dissolved in 40 liters of 
deionized water, and 2 kg of the clay were added to the aqueous solution. The resulting 
suspension was mechanically stirred for 1 hour and llowed to gravity settle for a 
minimum of 24 hours. The supernatant was then siphoned off, and the deposits were 
rinsed with deionized water to remove any salts or lo sely bound cations. The process 
was repeated until the conductivity of the supernata t was below 600 µS/cm. 
Mineralogical impurities were separated by gravity separation.  
 Total organic carbon (TOC) was measured for each organobentonite using an 
organic carbon analyzer and a solid sample module (TOC-VCPH/CPN, SSM-5000A, 
Shimadzu Co. Kyoto, Japan). The sample was combusted at 680 oC in the presence of an 
oxidation catalyst, and the resulting CO2 was measured using a non-dispersive infrared 
(NDIR) gas analyzer. A known reference material, anhydrous dextrose powder (C% = 40% 
in mass, Fisher Scientific), was used as the calibration source. Calibrations were 
performed daily during measurements. The measured total organic carbon content in each 
organoclay agreed well with the calculated values of sorbed carbon (Table 2-2 and Figure 
2-2). TOC data were plotted for both zeta potential tests (Chapter 4) and for all other tests 






Table 2-2. Theoretical Total Organic Carbon Content Versus Experimentally 
Determined Values (from Zeta Potential Test) 
Organoclay 




carbon content (%) 
Measured organic 
carbon content (%) 
TMA-
bentonite 
100 3.2 2.2 
60 1.9 2.0 
30 1.0 0.8 
TEA-
bentonite 
100 6.1 5.3 
60 3.8 3.8 
30 1.9 1.5 
TBA-
bentonite 
100 11.4 8.6 
60 7.2 6.3 
30 3.8 4.2 
DTMA-
bentonite 
100 9.5 8.5 
60 5.9 6.8 
30 3.1 3.6 
DDTMA-
bentonite 
100 10.8 10.3 
60 6.8 7.6 
30 3.5 4.3 
HDTMA-
bentonite 
100 13.2 13.9 
60 8.4 9.1 






Figure 2-2. Theoretical total organic carbon content versus experimentally 
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The liquid limits of unmodified bentonite and nine organoclay soils were tested 
using the fall cone apparatus (Wykeham Farrance Engineering Ltd, Slough, England) in 
accordance with British Standard 1377 (1990) according to the experimental matrix 
outlined in Table 2-1. The tests were started from the dry side, and deionized water was 
added to the soil to increase the water content. In the case of high initial water content, 
the organobentonite was left to air dry for several hours to reduce the water content 
before the start of testing. The plastic limits of the soils were determined according to the 
procedures outlined in ASTM D 4318 - 05. Nitrile powder-free gloves (Fisher Scientific) 
were worn during the test. For both the plastic andliquid limit tests, the water content of 
the soil paste was measured by using the Precision ec omy oven (Thermo Electron 
Corporation) at 104oC and balance (Accu – 4102, Fisher Scientific). 
Specific gravity tests on the unmodified soil and the modified clays were 
performed according to ASTM D854-92, using the liquid pycnometer (Method B). The 
volume of the volumetric flask (pycnometer) was 500 mL, and the mass of soil used 
ranged from 6 to 19 grams. De-aired water was used in all measurements. Vacuum up to 
27 in Hg was produced by a vacuum pump, which was the sole method of de-airing, and 
was applied for 2 hours for de-airing of the soil-water mixture.  
The specific surface area of the soils was measured sing the methylene blue 
(MB) spot test procedure, according to the methods utlined in Kandhal and Parker 
(1998) and Santamarina et al. (2002). The methylene blu  procedure consisted of the 
following steps: 200 mL of methylene blue solution was prepared by adding 1 gram of 
methylene blue powder (C16H18ClN3S·3H2O, molecular weight = 373.87, Fisher 




mixing. Soil suspensions with solids concentration between 0.006 to 0.04 g/mL were 
prepared, with concentrations chosen to prevent making a paste or gel (likely in the case 
of bentonite). Next, the methylene blue solution was added to the soil suspension in 0.5 
mL increments, while being mixed with a mechanical stirrer (Thermix Stirrer Model 
120S, Fisher Scientific) for 1 minute. A small drop f the suspension was removed, and 
placed on filter paper (P5 grade, Fisher Scientific). For samples that were below the 
sorption capacity, no methylene blue halo appeared. As soon as a light blue halo formed 
around the soil suspension, it was assumed that the sorption capacity was reached and the 
sample was used to calculated surface area. An additional 2 – 3 increments of MB were 
added to the soil suspension to confirm the consistent formation of the halo. The specific 









11=  Equation 2-1 
where MW is the molecular weight of the MB powder, MW = 373.87, V is the volume of 
de-ionized water used to dissolve 1 gram of MB, V = 200 mL, N is the number of MB 
increments added to the soil suspension, AV is Avogadro’s number, 6.02 mol/10
23× , 
AMB is the area covered by one MB molecule, typically ssumed to be 1.30 
2nm , and Ms 
is the total mass of soil in the soil suspension. Each methylene blue test was repeated two 
times.  
For each of the organic cations tested, the surface tension of an aqueous surfactant 
solution was measured using the du Noüy ring method (Tensiomat* Model 21 
tensiometer, Fisher Scientific) with a platinum-irid um ring of 5.983 cm in the mean 
circumference and the ratio between ring radius andri g-wire radius of 53.59. The 




air water interface, and experiments were performed at the room temperature. A 
minimum of three repetitions were performed for each experiment, and the average value 
for surface tension was reported.  








Unmodified Na-bentonite 274 53 221 
100TMA bentonite 266 82 184 
100TEA bentonite 140 66 74 
100TBA bentonite 118 73 46 
100DT bentonite 205 107 98 
30HD bentonite 215 70 145 
60HD bentonite 202 112 89 
100HD bentonite 219 89 130 
Na-montmorillonite[1],* 1140 - - 
Ca-montmorillonite[1],** 207-220 33-35 172 – 187 
Na-Montmorillonite[2] 710 54 656 
Ca-montmorillonite[2] 510 81 429 
*: Concentration  is 0.001 N, pH = 7.  
** Concentration  is 0.001 N, pH = 5 and 9. 
[1] Mesri and Olson (1970). 




Results and Discussion 
Liquid and plastic limits 
The liquid limit for fine-grained soils corresponds to a dynamic shear resistance 
of approximately 1.7 to 2.0 kPa and a pore water suction of about 6 kPa (Mitchell and 
Soga, 2005). Liquid limit, plastic limit, and their derived indices are widely used 
throughout the world because they provided excellent bases for the classification and 
identification of fine-grained soils (Lambe, 1951). The unmodified bentonite exhibited 
the highest plasticity, with a liquid limit of 274% and a plasticity index of 221% (Table 
2-3). In all cases, the addition of the organic cation to the clay surface resulted in 
decreases in the liquid limits, when compared to the unmodified clay. The plastic limits 
were generally higher than that observed in the unmodified clay. The liquid limit for the 
bentonite used in this study was lower than values reported for pure montmorillonite. 
This was because bentonite soil represents a mixed mineral soil with a higher percentage 
of large grained particles than would be found in pure montmorillonite. 
In terms of the branch effect of the exchanged organic cations, as the size, or the 
carbon chain length of all four branches increased from 1 to 2 and 4 (TMA, TEA, and 
TBA), the liquid limit decreased (from 266% to 140% and 108%) (Figure 2-3). The same 
trend was observed for the case of tail length increase as well. As the length of one 
carbon chain was increased (TMA, DTMA, and HDTMA), the liquid limit decreased 
(Figure 2-4). Increasing the size of the organic cation by either branch effect or tail effect, 
increased the total organic carbon content of the clay, which in turn yielded a more 
hydrophobic soil with strongly bound cations, and reduced the net charge of the 




Subsequently, the electrical repulsive force between clay particles was decreased, and the 
clay particles maintained a closer spacing in the pr sence of organic cations when 
compared to the free swell conditions observed for unmodified bentonite. Consequently, 
less water was retained in the hydrophobic organoclays, and the liquid limit was reduced. 
Additionally, the organoclays illustrated a higher plastic limit than unmodified bentonite 
(in the range of 66 – 82% for the branched organoclays and 89%-107% for the 
organoclays with single long tail; in comparison, plastic limit of unmodified clay was 
53%), indicating a tendency to crack at a higher water content, as would be anticipated 
due to the increased hydrophobicity. 
In addition to the branch and tail length effect, the effect of the density of organic 
loading, or surface coverage, was tested for HDTMA-organoclay. Interestingly, the liquid 
limit of HDTMA remained fairly constant as the organic loading was increased (range of 
202%-219%) (Figure 2-5). The results were also presented as a function of measured 
total organic carbon (Figure 2-6). Examination of the liquid limit behavior of HDTMA 
organoclays evidenced that the long chain HDTMA molecu es excluded water from the 
clay surface, even at low organic contents. At low concentrations, the hydrophobic tails 
of the HDTMA molecules lay parallel to the clay surface and are attracted to the clay 
through hydrophobic expulsion from the polar water phase, resulting in exclusion of 
water from the surface even at low organic cation ccentrations; Thus, increasing the 
organic loading has little effect on the water sorpti n and the resulting liquid limit. The 
measured plastic limits were mildly sensitive to organic loading, with relatively small 






Figure 2-3.  Liquid and plastic limits versus the size of organic cations, increasing 
branch effect (chain length in all four alkyl positions increased). 
 
Figure 2-4.  Liquid and plastic limits versus the size of organic cations, increasing 
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The trends measured in the Atterberg limits data were consistent with those 
reported for other organoclays by Burns et al. (2006). However, the liquid limits for the 
organoclays tested in that study were between 51% and 74%, which were significantly 
lower than the results in this study. It was believed that the difference is attributable to 
the different base clay used in the studies and the sample preparation methods. The soils 
in Burns et al. (2006) were oven dried before testing, whereas the soils in the current 
study were not dehydrated before testing. 
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The specific gravities of seven organobentonites (TMA, TEA, TBA, DTMA, and 
HDTMA at 100% CEC, and HDTMA at 30% and 60% CEC) were tested. The results 
showed that specific gravity decreased as the totalorganic carbon content or the total 
cation exchange percentage increased (Table 2-4, Figure 2-7 and Figure 2-8). The test 
results produced a specific gravity that was lower than expected based on a mixture of 
organic carbon and clay at ratios equal to the amounts exchanged in this study. The 
dashed line in Figure 2-7 was calculated for a hypothetical mixture of mineral solids 
(assuming Gs = 2.74) and organic solids (assuming Gs = 1.0). It was believed that the 
hydrophobic interlayer created by the presence of the organic cations excluded a 
disproportionate quantity of water during the specific gravity tests. Because the specific 
gravity method relies on the measurement of the volume of displaced water, the results of 
organoclays will appear artificially low (Burns et al., 2006). The measured values of 












Table 2-4. Specific Gravity of Organoclays 
Clay Gs 
Bentonite 2.74  
100TMA-bentonite 2.80  
100TEA-bentonite 2.23  
100TBA-bentonite 2.20  
100DTMA-bentonite 2.26  
30HDTMA-bentonite 2.29 
60HDTMA-bentonite 2.07  
100HDTMA-bentonite 1.75  
 
Figure 2-7. Specific gravity of organobentonites as a function of total organic carbon 
content. Dashed line represents theoretical specific gravity, calculated assuming 
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Figure 2-8. Specific gravity of HDTMA-bentonite at increasing percentages of 
cationexchange capacity. 
 
Specific surface area 
The specific surface areas of nine clays (TMA and HDTMA at 30%, 60%, and 100% 
CEC, and TEA, TBA, and DTMA at 100% CEC) were measured using the methylene 
blue test method. Unmodified bentonite possessed the highest specific surface area of 628 
m2/g (Table 2-5, Figure 2-9), which is consistent with values in the literature, i.e., 50 – 
120 m2/g for primary surface area and 700 – 840 m2/g when the secondary surface area is 
included in the measurement (Mitchell and Soga, 2005). Based on the measured surface 
area, it was clear that the methylene blue was able to p netrate the interlayer surface areas 
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contrary, the measured specific surface area of organobentonites was significantly lower 
than that of unmodified bentonite, ranging from 56 – 167 m2/g for the modified clays. 
Note that it appears that sorption of methylene blue to the quaternary ammonium cations 
does not appear to have occurred, because in the case of sorption, the surface area would 
indicate higher than expected values of uptake of methylene blue.  
Table 2-5. Soil Concentrations and Specific Surface Area of Organoclays 
Clay 
Soil concentration 
(g/mL) Specific Surface Area 
(m2/g) 
trial 1 trial 2 
Bentonite 0.015  - 628  
30TMA-bentonite 0.034  0.035  234  
60TMA-bentonite 0.034  0.036  189  
100TMA-bentonite 0.009  0.010  149  
100TEA-bentonite 0.033  0.032  82  
100TBA-bentonite 0.011  0.006  104  
100DTMA-bentonite 0.015  0.015  65  
30HDTMA-bentonite 0.039  0.039  87  
60HDTMA-bentonite 0.029  0.040  58  





Figure 2-9. Specific surface area versus carbon chain length 
 
Examination of the effect of the total organic carbon content illustrated that 
increasing the length of a single C-chain on the cation (4C1 to 1C10 to 1C16, 
TMA→DTMA→HDTMA at 100% CEC) reduced the surface area from 149 m2/g to 65 
and 56 m2/g (Figure 2-9). Similarly, increasing the size of the all four branches on the 
organic cation (4C1 to 4C2 to 4C4, TMA→TEA→TBA at 100% CEC) altered the 
measured surface area, from 149 m2/g to 82 and 104 m2/g, respectively. Organic cations 
with longer single C-chain or with larger size bound to clay surface more tightly, 
therefore the net surface charge of clay particles w re further reduced. As a result, larger 
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adsorption within clay aggregates. As a result the measured specific surface areas of 
organoclays were lower. Furthermore, it is very difficult to displace the organic cations 
from the particle surfaces energetically. For QACs with a long C-chain (number of C 
10≥ ), the energy required to move one –CH2 from the adsorbed bentonite site to the bulk 
solution is about 2.5 kJ/mol (Stumm and Morgan, 1996). As the length of the C-chain 
increases, the required energy to displace the cations also increases. Hence it was 
believed that the presence of the organic cations phy ically obstructed the access of the 
methylene blue molecules to the particle surface, which in turn reduced the measured 
specific surface area.  
Comparison of the surface area measured for TMA and HDTMA at 30%, 60%, 
and 100% CEC (equivalent percentages of exchange sites occupied, as opposed to total 
organic carbon), suggested that increasing the percentage of exchange sites occupied by 
organic cations reduced the surface area (Figure 2-10). In addition, replacement of the 
same number of exchange sites with a small molecule (TMA) versus a long molecule 
(HDTMA) resulted in a reduction in the measured specific surface area as the size of the 
molecule increased (Figure 2-10). TMA surface area d creased from 234 m2/g to 189 
m2/g to 149 m2/g, as exchange percentage was increased; HDTMA surface area 
decreased from 87 m2/g to 58 m2/g to 56 m2/g, as exchange percentage was increased. 
Organic cations with more organic coatings bound to clay surface more tightly, therefore 
the net surface charge of organobentonite particles w re further reduced. As a result, 
larger organobentonite aggregates tended to form, which in turn would blocked the 
methelene blue from adsorption within clay aggregats. As a result the measured specific 




CEC), the longer HDTMA molecule conformed to the particle surfaces, lying close to 
parallel to the particle surfaces, further limiting the access of the methylene blue to the 
surface area of the bentonite. TMA, which is a much smaller molecule than HDTMA, 
leaves a much larger portion of the mineral surface cessible to additional molecules, 
resulting in a higher measured surface area. Comparison of the surface areas as a function 
of total organic content for all nine clays tested, as opposed to % CEC exchanged, 
displayed that the measured surface areas for the organ clays were very similar when 
compared on a % organic carbon basis, indicating that e presence of the organic 
material is a primary driver in the exclusion of the methylene blue molecule, as opposed 
to only the number of exchange sites (Figure 2-11).  
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Figure 2-11. Specific surface area versus organic carbon content 
 
Properties of aqueous solutions of quaternary ammonium cations: surface tension, 
hydrophobicity, and micelle formation 
In addition to the characterization tests performed on the quaternary ammonium 
cations while sorbed to the clay surfaces, the surface tension of aqueous solutions of the 
cations, in the absence of clay particles, were also measured. The surface tension of 
surfactant solutions was an indication of the hydrophobicity of the quaternary 
ammonimum cation solutions, with lower surface tensio  representing higher 
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function of the concentration of the surfactant soluti ns, the measurement can be used to 
identify the critical surface tension and the critial micelle concentration. At low 
concentrations (typically less than 10-5 mol/L), surfactants such as the quaternary 
ammonium cations in this study will distort the structure of the water and therefore 
increase the free energy of the system due to the presence of the hydrophobic group in the 
cation structure. Consequently, the cations concentrate at the surface, orienting their 
hydrophobic groups away from the solvent, minimizing the free energy of the solutions 
(Rosen, 2004). Solubility data for the surfactants used in this investigation are given in 
Table 2-6.  






Sodium chloride, NaCl 6.16[1] 20 





Tetraethylammonium bromide, TEA Br 13.30[1] 25 
Tetrabutylammonium bromide, TBA Br 1.86[1] 20 
Decyltrimethylammonium bromide, DTMA 
Br 















As the concentration of a surfactant in water is increased, the hydrophobicity 
increases, and surface tension decreases. Upon reaching a critical concentration, some 
surfactants, especially those with long carbon chains, start to form micelles, which are 
aggregates of surfactant. Micelles orient with their ydrophobic groups gathered together 
in an interior cluster, while their hydrophilic groups point away from the aggregate, 
towards the bulk solution. Thermodynamically, the micelles are formed at the point of 
minimum free energy of the solutions. Once the micelles form, further increase in 
surfactant concentration does not decrease the surface tension of the solution, and this 
concentration is called the critical micelle concentration, or CMC. The CMC is an 
important parameter because it is related to substantial changes in many physical 
properties of surfactant solutions, such as adsorption, conductivity, density, osmotic 
pressure, and detergency (Adamson and Gast, 1997). The minimum surface tension of a 
surfactant solution is also known as the critical surface tension of that surfactant.  
The surface tension of quaternary ammonium cations wa  compared when 
increasing the length of one carbon chain, (TMA (4C1), DTMA (1C10), DDTMA (1C12), 
and HDTMA (1C16)) and increasing branch size (TMA (4C1), TEA (4C2), and TBA 
(4C4)). In all cases, the surface tension decreased as the concentration of surfactant in 
solution increased (Figure 2-12). At the same concentration, surface tension decreased as 
the chain length increased and/or as the branch size increased, indicating that 
hydrophobicity was higher as cation size increased. It follows that the hydrophobicity of 
the solution increased with the size of the cation. 
Surfactant concentrations in this study were also large enough to identify the 




and HDTMA (Table 2-7). As the length of a single carbon chain was increased, the 
critical micelle concentration and the critical surface tension decreased (Figure 2-12). The 
measured CMC and critical surface tension values for DDTMA and HDTMA cations 
agreed with those reported in the literature (Menger and Littau, 1993; Wong et al., 1989). 
At the concentrations tested (up to 1 M), CMC was not reached for the organic cations 
tested for increasing branch effect (TMA, TEA, and TBA).  










Decyltrimethylammonium bromide, DTMA Br 
0.05[1] 431 
0.065[3]   








0.0009[3]   
[1]This study 
[2]Menger and Littau (1993). 







Figure 2-12. Surface tension vs. concentration for quaternary ammonium cations 



























































Four types of conduction behavior are of general interest in the study of 
geomaterials: electrical, hydraulic, thermal, and chemical. For each case, flow through a 
soil results from a gradient, or concentration difference, and occurs from areas of higher 
concentration to areas of lower concentration. In each conduction case, the rate of flow, 
or the flux, will be linearly related to the driving force, given a cross sectional area A 
(Mitchell and Soga, 2005): 
Electrical AiI eeσ=  Ohm’s law   Equation 3-1 
Hydraulic Aikq hhh =  Darcy’s law   Equation 3-2 
Thermal Aikq ttt =  Fourier’s law  Equation 3-3 
Chemical ADiJ cD =  Fick’s law    Equation 3-4 
where I, qh, qt, and JD are the flowrates (or flux) for electricity, water, heat, and chemicals; 
σe, kh, kt, and D represent the conductivities, and i represents the gradient for flow in each 
condition. 
In this study, the electrical, hydraulic, and thermal conductivities of 
organobentonites were measured. The hydraulic and chemi al conductivity of 
organobentonites has been studied extensively in the past (Bartelt-Hunt et al., 2005a; 
Bartelt-Hunt et al., 2006; Lorenzetti et al., 2005; Smith and Jaffe, 1994; Smith and Galan, 




performed, and only limited hydraulic conductivity ests were performed. Electrical 
conductivity and permittivity tests were performed to quantify the branch effect for 
increasing the size of organic cations (TMA (4C1), TEA (4C2), TPA (4C3), and TBA 
(4C4)), as well as the tail length effect (DTMA (1C10), DDTMA (1C12), and HDTMA 
(1C16)) in the aqueous phase. Electrical permittivity tests were performed on organoclays 
made from TMA (4C1), TEA (4C2), and TBA (4C4)) to study the branch effect, as well as 
(DTMA (1C10), and HDTMA (1C16)) to study the tail length effect; tests were also 
performed to evaluate the effect of organic cation surface coverage (30% and 60% cation 
exchange capacity for TMA and HDTMA). Hydraulic and thermal conductivity tests 
were performed on TMA, TEA, TBA, DTMA and HDTMA at 100% CEC, to quantify 
branch and tail length effects, and tests were alsoperformed to assess the effect of 
organic cation surface coverage (30% and 60% cation exchange capacity for TMA and 
HDTMA) on the hydraulic and thermal conductivity of organobentonites. The 
experimental matrix allowed comparison of the effects of organic structure and loading 
on the conduction phenomena. 
Electrical conductivity and high frequency permittivity 
Literature review 
Investigation of the electromagnetic parameters of water, electrolytes, and moist 
soil can provide useful information about their molecular structures. Because the organic 
cations used in this study dissolve/dissociate in water, the response of both the aqueous 
organic cation and the sorbed organic cations (organobentonites) in the presence of an 




The organic cations tested in this study are salts that fully ionize in aqueous 
solution, which categorizes them as strong electrolytes; depending on size and structure, 
the cations may hydrate to varying degrees. Typically, the larger the cation, the lower the 
conductivity, due to the drag forces that act on the large cation; however, smaller ions 
will hydrate strongly, creating a large hydrodynamic radius, which also makes them 
vulnerable to large drag forces. By definition, ions are not electrically neutral and move 
in the presence of an applied electric field. Electric conductivity is a measurement of 
charge mobility in response to the applied electric field; as the mobility of the dissolved 
ions increases, the conductivity of the solution will increase. Consequently, increasing 
cation size and solution viscosity result in decreased conductivity due to increased drag 
forces.  
In the presence of an applied electric field, cations will accelerate toward the 
cathode, while anions will accelerate toward the anode until a terminal velocity was 
reached due to Stokes drag force. The charged ion wll be subjected to the following 









  Equation 3-5 
where zeo = ion charge, ∆φ = electric field, and l = electrode spacing. The ion will also 
experience drag as it moves through the solvent, and assuming Stokes law is applicable, 
and that particles are spherical, the drag can be calculated according to (Atkins, 1998) 




where η = viscosity, a = radius, and s = drift speed. Equating the two forces allows 
determination of the terminal velocity. Drift speed will be proportional to the strength of 
the electric field which is applied to the solution: 
uEs =   Equation 3-7 









0=   Equation 3-8 
where E is the strength of the electric field (V/m); z is valence; Ce 190 10602.1
−×= is 
electronic charge; η is viscosity of the solution ( sPa ⋅ ); ( )sPa⋅×= −41090.8η  for water 
at 25 oC; and hr is the radii of the hydrated ion; typical values of the radii of hydrated ions 
hr given in Table 3-1 and Table 3-2. Equation 3-8 assumes that Stoke’s law is applicable 
at the microscopic scale.  
Table 3-1. Radii of Hydrated Ions and Mobility of Ions 
Ion hr
[1], (nm) Mobility [2]* , ( 112 −− sVm ) 
Na+ 0.358 5.2 810−×  
NH4
+ 0.331  
Cl- 0.332 7.9 810−×  
Br- 0.330 8.1 810−×  
[1] Nightingale (1959) 
[2] Santamarina et al. (2001) 




Table 3-2. Radii of Hydrated Tetraalkylammonium Ions 
TMA+ TEA+ TPA+ TBA+ Reference 
Ion Radius (nm)  
0.347 0.400 0.452 0.494 (Robinson and Stokes, 1965) 
0.285 0.348 0.398 0.437 (Conway et al., 1966) 
0.256 0.306 0.343 0.375 (Ramanathan et al., 1972) 
0.235 0.176 -- 0.367 Calculated at 0.00195 M 
0.247 0.229 -- 0.498 Calculated at 0.00391 M 
0.269 0.279 -- 0.557 Calculated at 0.00781 M 
 
In cases where the electrolyte is completely ionized and the concentration is low, 
such that ion-ion interactions are negligible, the conductivity can be derived by 
(Santamarina et al., 2001): 
∑=
i
iii uzcFσ   Equation 3-9 
where c, z, and u were the concentration, valence and mobility of the ion, respectively, 
and F = 96,485 C/mol which is Faraday’s constant. At high concentrations, the decrease 
in mobility may prevail over the increase in ion availability, and the conductivity of the 
electrolyte may decrease (Santamarina et al., 2001). The macroscopic conductivity σ  can 
be measured by a conductivity cell, which allows the mobility u of the hydrated organic 
ions to be calculated from Equation 3-9; determinatio  of mobility in turn allows 
calculation of the radius of hydrated ions. 
While conductivity represents the ability of ions to move in the presence of an 




equilibrium position in the presence of an applied electric field (Santamarina et al., 2001). 
The polarizability of a molecule proportionally relates the dipole moment which is 
induced in the presence of an electric field to the str ngth of the electric field (Atkins, 
1998): 
Ed αµ =   Equation 3-10 
where dµ  = dipole moment, α  = polarizability, and E  = electric field. From a 
macroscopic view, the polarizability of a material is effectively the permittivity, or the 
measure of the material’s ability to transmit an electric field. Because the displacement is 
not instantaneous, and occurs after the application of the electric field, polarization will 
be proportional to the electric field, but the amplitude and phase will be a function of 
frequency. Consequently, the complex permittivity can be separated into real and 
imaginary parts (Santamarina et al., 2001): 
"'* κκκ j−=    Equation 3-11 
where *κ = relative complex permittivity, 'κ = real portion of relative permittivity, "κ  = 
imaginary portion of the relative permittivity, and j represents an imaginary quantity. The 
real relative permittivity is related to energy stored within the medium, while the 
imaginary portion is related to energy dissipation within the medium. At high frequencies 
(MHz and GHz), the real relative permittivity decreas s with increasing ionic 
concentration due to the reduced mobility of the molecules involved in hydrating ions 
(Santamarina et al., 2001). 
 When measuring losses due to polarization and conduction simultaneously, the 







'''' +=eff   Equation 3-12 
where ( )22120 /1085.8 mNC ⋅×= −ε mF /1085.8 12−×= , and ω  = frequency. Clearly, as 
the frequency increases, the conduction losses become less significant. Consequently, it is 
possible to define an effective AC conductivity (non-zero frequency), which includes DC 
conductivity and the dynamic effects of polarization (Santamarina et al., 2001): 
ωεκσσ 0''+=eff   Equation 3-13 
Polarization mechanisms can display one of two characte istic spectra: resonance 
or relaxation. Typically within water or water solutions, molecular, spatial, and double 
layer polarization will occur, which results in the r laxation spectrum as the dominant 
mode (Santamarina et al., 2001). When the applied el ctric field is alternating, the 
molecules will rotate in order to align with the direction of the applied field. In the 
relaxation spectrum, the molecules cannot rotate quickly enough to align with the 
alternating direction of the field and damping can dominate over the inertial forces. 
Consequently, polarization of larger amplitude can occur at lower frequencies because 
enough time is given during each cycle for the dipoles to achieve complete alignment; 
however, as the frequency is increased, the polarization amplitude will decrease because 
the dipoles do not have enough time to completely align (Hayt and Buck, 2006).  
The objective of this section was to investigate the electrical conductivity and the 
polarizability of the aqueous quaternary ammonium cations and their corresponding 
organobentonite forms from the microscopic viewpoint, as well as permittivity from the 
macroscopic viewpoint. Three experiments were performed: (1) Electrical conductivity 




concentration; (2) Electrical permittivity tests onquaternary ammonium salts, which were 
measured as a function of salt concentration in the frequency range of 0.1 GHz – 1.3 GHz 
(radio to microwave range); (3) Electrical permittiv y tests on organobentonites, which 
were performed as a function of water content.  
Materials and experimental methods 
Stock solutions were prepared using the method of serial dilutions: ammonium 
salts were dissolved in de-ionized water with concentration at either 0.1 mol/L (DTMA, 
DDTMA, and HDTMA) or 1 mol/L (NaCl, TMA, TEA, TBA, and NH4), depending on 
the cation’s aqueous solubility (Table 3-3). Next, the organic cations solutions were 
serially diluted to make a total of ten solutions (Table 3-4). High concentration solutions (> 
1M) of highly soluble salts (e.g. NaCl, TMA Cl, TEA Br, and TBA Br) were prepared for 
permittivity tests (Table 3-4). 
Electrical conductivity measurements of salt solutins with different 
concentrations were obtained by testing with an Accumet Excel XL60 conductivity meter 
and Accumet temperature-compensated two-cell conductivity probe (Accumet). AC 
voltage was used to minimize the effect of polarization. The conductivity probe was 









Table 3-3. Solubility of Ammonium Salts 
[1] www.chemblink.com (2010) 
[2] www.usbweb.com (2010) 













Sodium chloride, NaCl 58.44 360 6.16 20[1] 
Ammonium chloride, NH4Cl 53.49 soluble  n/a
[1] 
Ammonium bromide, NH4Br 97.94 970 9.90 25
[1] 
Tetramethylammonium chloride, TMA Cl 
109.6 10%  n/a[2] 
109.6 600 5.47 20[1] 
109.6   6.00 20[3] 
Tetramethylammonium bromide, TMA Br     
Tetraethylammonium bromide, TEA Br 210.16 2795 13.30 25[1] 
Tetrapropylammonium bromide, TPA Br 266.26 100 0.38 n/a[1] 
Tetrabutylammonium bromide, TBA Br 322.37 600 1.86 20[1] 
Decyltrimethylammonium bromide, DTMA 
Br 
    
Dodecyltrimethylammonium bromide, 
DDTMA Br 
308.34   0.10 20[1] 
Tetradecyltrimethylammonium bromide, 
TDTMA Br 
336.4 200 0.59 n/a 
Hexadecyltrimethylammonium bromide, 
HDTMA Br 
364.45   0.10 20[3] 




Table 3-4. Tested Concentrations of Aqueous Ammonium Cation Solutions 








NaCl 1, 0.5, 0.25, 0.125, 0.0625, 0.0313, 0.0156, 
0.00781, 0.00391, 0.00195 
5, 3, 1.8, 1.08 
NH4 Br 1, 0.5, 0.25, 0.125, 0.0625, 0.0313, 0.0156, 
0.00781, 0.00391, 0.00195 
4.95, 2.48, 1.24 
TMA Cl 1, 0.5, 0.25, 0.125, 0.0625, 0.0313, 0.0156, 
0.00781, 0.00391, 0.00195 
2, 2.4, 1.44 
TEA Br 1, 0.5, 0.25, 0.125, 0.0625, 0.0313, 0.0156, 
0.00781, 0.00391, 0.00195 
2 
TBA Br 1, 0.5, 0.25, 0.125, 0.0625, 0.0313, 0.0156, 




0.1, 0.05, 0.025, 0.0125, 0.00625, 0.00313, 




0.1, 0.05, 0.025, 0.0125, 0.00625, 0.00313, 




0.1, 0.05, 0.025, 0.0125, 0.00625, 0.00313, 
0.00156, 0.000781, 0.000391, 0.000195 
-- 
 
An HP-8752A network analyzer in conjunction with anHP-85070A coaxial 
termination probe (frequency = 0.1 GHz ~ 1.3 GHz) was used for the measurement of 
electric permittivity of all salt solutions. Because the geometry of the coaxial cable is 
very critical to the results, the coaxial cable was fixed to prevent any distortion or 
geometric shape change during measurement, and calibration was performed at the 
beginning of each measurement session. Tests were performed on approximately 5 mL of 




container for measurement was cleaned twice with deionized water and once with ethanol 
between measurements, and then wiped with Kimwipe lint-free tissues, and the probe 
was wiped clean between measurements. In the cases of high concentration solutions, the 
probe was both rinsed and wiped. The solutions were test d in the order from low to high 
concentrations.  
Results and Discussion 
Electrical conductivities of sodium chloride and the quaternary ammonium salts 
displayed that the conductivity of sodium chloride was higher than all quaternary 
ammonium salts at all tested concentration range (Figure 3-1). As the size of quaternary 
ammonium cations increased from TMA (4C1) to TEA (4C2) to TBA (4C4), the 
conductivity decreased. Additionally, as the length of long C-chain increased from TMA 
(4C1) to DTMA (1C10), to DDTMA (1C12), and to HDTMA (1C16), the conductivity 
decreased. As was anticipated, the conductivity results indicated that as the size of the 
cation or the length of long C-chain increased, the mobilities decreased due to increased 
drag forces being exerted on the molecule. When evaluated on the basis of approximately 
equivalent total organic carbon contents, the conductivity measurements indicated that 
the drag force exerted by lengthening the cation tail in one of the four quaternary 
positions led to a similar level of drag on the molecule as when the carbon was divided 






Figure 3-1. Electrical conductivity versus concentration for quaternary ammonium 
salts. 
 
It was also observed that at low concentrations, the conductivity increased linearly 
with concentration for all the quaternary ammonium salts. However, upon reaching a 
threshold concentration, the relation between conductivity and concentration became 
non-linear. This indicated that the ion-ion interaction came into play after this threshold 
concentration, which decreased as the length of long C-chain increased, or as the size of 
the QACs increased. Comparison to results of the surface tension measurements (Chapter 
2) unveiled that the threshold concentration corresponded to the critical micelle 
concentration for the long chain cations tested. Micelles, which result from ion-ion 








































oriented toward each other, and their hydrophilic head groups oriented toward the bulk 
solution. Clearly, the agglomeration of ions and formation of micelles resulted in 
decreased mobility of the quaternary ammonium cations, as reflected in the decreased 
conductivity measurements. From the measured conductivity and known mobility of 
chloride and bromide ions (Table 3 – 1), the radii of hydrated organic ions at low 
concentrations (simulating infinite dilution) were calculated by Equations 3–8 and 3–9. 
The calculated radii of hydrated ions were in agreem nt with those in the literature (Table 
3-2). At high concentrations, calculated radii of hydrated organic ions were not reliable, 
indicating that the ion-ion interaction came into play. 
 














































The real ( 'κ ) and effective imaginary ( ''effκ ) relative permittivities of deionized 
water measured between 0.1 to 1.3 GHz showed that 'κ  decreased as the frequency was 
increased (Figure 3-2). As was anticipated, free water experienced relaxation at 
microwave frequencies, which can be attributed to the orientational polarization of free 
water, and the out of phase component of water polarization led to an increase in ''effκ . 
When electrolytes, such as NaCl, TMA Cl, TEA Br, DTMA Br, DDTMA Br, and 
HDTMA Br were added to the water, their real and effective imaginary relative 
permittivities exhibited three clear features (Figure 3-3 through Figure 3-9): (1) As 
frequency increased, 'κ  decreased. This observation agreed with that of water, indicating 
orientational polarization also took effect in salt solutions. (2) Except for solutions at very 
low concentrations where orientational polarization f free water dominated, ''effκ  
decreased as the frequency increased. This is due to the DC conduction loss as the 
frequency increased (Equation 3-12). (3) Except for organic solutions with a single long 
C-chain (DTMA Br, DDTMA Br, and HDTMA Br) at lower frequency (< 0.6 GHz) 
(discussed later), as the concentration increased, 'κ  decreased due to the reduced 




















































































































































































































































































































































































































































































































































































































The effective conductivities, ''effσ  (measured at the same frequency (1.3 GHz)) 
of NaCl, TMA Cl, TEA Br, TBA Br, DTMA Br, DDTMA Br, and HDTMA Br presented 
that ''effσ  for each solution was higher than its corresponding DC (zero frequency) 
conductivity (Figure 3-10). The orientational polariz tion of free water, ''κ , contributed 
to the differences, which was more significant at low concentrations. At concentrations 
lower than 0.01 M, ''effσ  for all the tested solutions was approximately the same, and 
equaled to that of deionized water (approximately 3700 uS/cm). The DC conductivity 
contribution to ''effσ  was secondary comparing to ''κ . At higher concentrations (> 0.01 
M), for different electrolyte solutions, the higher the corresponding DC conductivity, the 
higher the ''effσ  values. That is, as the size, or the length of the long C-chain, of organic 
cations increased, the DC conductivity decreased, an  ''effσ  decreased. It seems that DC 
conductivity played a more important role than ''κ .  
To further examine its weight in overall effective p rmittivity, ''κ  was calculated 
as the difference between ''effσ  and σ  (Equation 3-13) (Figure 3-11). It was observed 
that at concentrations lower than 0.01 M, ''κ was almost identical for every salt solutions, 
at approximately 5. No bias towards the size or the length of long C-chain increment was 
observed. At higher concentrations, ''κ  ranged from 3 to 8. The variation of ''κ  could be 
the results of the limited precision of DC conductivity measurement at high 
concentrations. Nonetheless, at concentrations higher than 0.01M, ''κ  values were less 
significant than the DC conduction-induced permittivities, which were normally 2 or 3 




important at low concentration (< 0.01 M) and at high frequency excitation, where DC 
conduction loss – induced polarization was minimum.  
Real permittivities of NaCl, TMA Cl, TEA Br, TBA Br, DTMA Br, DDTMA Br, 
and HDTMA Br solutions decreased as concentration increased (Figure 3-12 'κ  versus 
concentration plots at 1.3 GHz excitement), which held true at all frequencies from 0.1 to 
1.3 GHz in most cases. Real permittivity decreased b cause the mobility of water 
molecules involved in hydrating ions was decreased due to the increased presence of 
electrolyte ions; however, there were exceptions: at frequencies lower than 0.6 GHz, 
organic cations with a long C-chain (DTMA, DDTMA, and HDTMA) and concentration 
higher than approximately 0.02 M, higher concentration led to an increased real 
permittivity value. The values of real relative permittivities at these conditions were even 
higher than that of deionized water (~78); consequently, polarization of water molecules 
alone was not enough to generate such high values of real permittivities. It is postulated 
that the orientational relaxation mechanism prevaild at the frequency range from 0.1 to 
about 0.6 GHz due to the presence of micelles, which would occur at high concentration 
solutions of organic cations with a long C-chain (DTMA, DDTMA, and HDTMA). The 






Figure 3-10. Effective conductiviy of organic cations as a function of concentration: 
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Figure 3-11. Effective imaginary permittivity due to polarization as a function of 













































































Figure 3-12. Real permittivity as a function of concentration: a) branch effect; b) 












































The real and imaginary permittivity of 9 organobentoni es, i.e. 30TMA, 60TMA, 
100TMA, 100TEA, 100TBA, 100DTMA, 30HDTMA, 60HDTMA, and 100HDTMA 
bentonites, at frequency ranges of 0.2 GHz to 1.3 GHz were also determined (Figure 3-13 
through Figure 3-21). Observations on the measured permittivity of the organoclays were: 
(1) As water content increased, real permittivity increased. The real permittivity of wet 
soil at microwave frequencies is determined by the polarizability of the free water 
(Santamarina et al., 2001), therefore 'κ  of wet organobentonites increased continuously 
with water content. On the other hand, water content increase led to the effective 
permittivity decrease in most scenarios (except for h se where orientational polarization 
relaxation occurred – discussed later). (2) As frequency increased, due to the orientational 
polarization of free water, the real permittivity decreased, and effective permittivity 
increased.  
Permittivity and conductivity depended on the volume fraction of pore fluid and 
soil phase. Archie’s law (Archie, 1942) captured this relationship. The simple form of 
Archie’s law can be expressed as (Santamarina et al., 2001): 
nfluid ⋅=
** κκ   Equation 3-14 
and 
nfluideff ⋅= '''' σσ    Equation 3-15 
where n is porosity, *fluidκ  is the complex permittivity of the pore fluid, and ''fluidσ is the 
effective conductivity of the pore fluid. A linear relationship between 'κ and porosity was 
obtained due to 'κ is relatively unchanged as the water was added to the suspensions 
[Figure 3-22(a)]. However, in the method of this study de-ionized water was added to the 




was not specified [Figure 3-22(b)]. To characterize th  relationship between ''effσ  and 
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     Equation 3-16 
where C is a constant relating pore fluid concentration to conductivity at diluted 
condition, V is volume, subscripts fluid and soil is for the pore fluid and soil in the 
suspension, fluidρ is the density of pore fluid, soilM  is the mass of soil in the suspension, 
and Gs is the  specific gravity of the soil. C, number of charges in pore fluid, fluidρ , and 
soilM  were constants, the product of which can be represnt d by a new constant, C2. 
Therefore from  Equation 3-16 we found that there was a simple hyperbolic relation 
between water content and effective conductivity. In the following discussion water 
content was used to present the results of effectiv conductivity. Permittivity was also 














































































































































































































































































































































































































































































































































































































































































Figure 3-22 Real permittivity and effective conductivity of 100TMA, 100DTMA, and 



















































As the size, or the length of four branches, of exchanged organic cations increased 
from 4C1 (TMA) to 4C2 (TEA) and 4C4 (TBA), the real relative permittivity showed 
some variation but no clear trend (Figure 3-23). However, as the length of single long C-
chain of exchanged organic cations increased from 4C1 (TMA) to 1C10 (DTMA) and 
1C16 (HDTMA), the real relative permittivity continuously decreased (Figure 3-24). As 
the organic loading of TMA cations increased from 30% to 60% and 100% of CEC of 
bentonite, real permittivity decreased with those of 60% and 100% TMA-bentonite 
displaying similar values (Figure 3-25). Similarly, as the organic loading of HDTMA 
cations increased from 30% to 60% and 100% of CEC of bentonite, real permittivity 
decreased but the values of 30% and 60% HDTMA-bentonite revealed cross over as a 
function of water content (Figure 3-26). Real relative permittivity showed some 
variations due to the change of size, length of long C-chain, and organic loading amount, 
but in general, as the total organic carbon content was increased, the real permittivity 
decreased, which was driven by the reduction in free water due to the presence of the 
hydrophobic organic phase on the clay surface. The higher specific surface areas 
observed at low total organic carbon content corresponded to a higher amount of bound 
water (Santamarina et al., 2001), which in turn represented a lower percentage of free 
water. Therefore the amount of free water decreased  the total organic carbon content 
was increased; the measured specific surface area correlated with the decrease in real 






Figure 3-23. (a) Real permittivity and (b) effective conductivity of 100TMA, 
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Figure 3-24. (a) Real permittivity and (b) effective conductivity of 100TMA, 
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Figure 3-25. (a) Real permittivity and (b) effective conductivity of 30TMA, 60TMA, 
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Figure 3-26. (a) Real permittivity and (b) effective conductivity of 30HDTMA, 
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In general, the effective conductivity of organobentonite suspensions at 0.2 GHz 
electrical excitement decreased as the size, or the length of the single long C-chain, or the 
amount of organic loading increased (Figure 3-23 through Figure 3-26). This agreed with 
the trend of the DC conductivity of organic solutions that the larger the exchanged 
organic cations, or the longer the length of the single long C-chain of exchanged organic 
cations, the lower the conductivity (Figure 3-1). Organobentonites also have a bound 
layer of water molecules at the Stern layer (Liu et al., 2007), have limited mobility of 
ions in the diffuse double layer, and reduced the amount of free cations due to adsorption 
on the bentonite surface. Effective conductivity of bentonite suspensions would be higher 
than that of organobentonites due to the increase of ion mobility in both the diffuse layer 
and the bulk solutions (Santamarina et al., 2001).  
Above mentioned trends for effective conductivity held until the orientational 
polarization relaxation dominated at higher frequency. Characteristic orientational 
polarization relaxation frequency was approximately 0.83 GHz (Figure 3-18) for 
100DTMA bentonite, 1.07 GHz for 30HDTMA, 60HDTMA, and 100HDTMA 
bentonites (Figure 3-19 through Figure 3-21), 0.83 GHz (Figure 3-17) for 100TBA 
bentonite, 1.3 GHz (Figure 3-16) for 100TEA bentonie, and not observed at the tested 
frequency range, but anticipated to be higher than 1.3 GHz for 100TMA bentonite. As the 
size or the length of the single long C-chain increased, the characteristic relaxation 
frequency decreased. The amount of organic loading apparently did not have an effect on 
the characteristic frequency. When the frequency of electrical excitement reached 
relaxation frequency, the orientational polarization relaxation mechanism of water 




mechanisms for the occurrence of orientational relaxation in organobentonite suspensions 
were postulated. A freely rotating dipolar molecule also had an orientational 
polarizability. The center N atom in quaternary ammonium cations (such as TMA, TEA, 
and TBA) was considered to carry +5 valence, whereas the bonded four C atoms in alkyl 
branches to carry -1 valence each (Hager and Marvel, 1926). The center N atom, 
therefore, and the surrounding 4 alkyl branches would likely to form a dipole. When 
dissolved in aqueous solutions, the orientational polarization did not occur at frequency 
from 0.2 GHz to 1.3 GHz. However, when adsorbed in be tonite interlayers, orientational 
polarization took place. The Coulomb attraction between clay surface and organics and 
the lateral hydrophobic interaction among organic cations changed the characteristic 
frequency of the orientational polarization of the organic cations. This mechanism was 
attested by the hierarchy of the characteristic frequencies of TMA, TEA, and TBA (i.e., 
TMA > TEA > TBA). The larger organic cations indicated longer dipole distance, which 
in turn would register a lower characteristic relaxation frequency. Another possible 
orientational relaxation mechanism was that the presence of organic phases in 
organobentonite suspension changed the orientational mobility and the H bonds structure 
of water molecules. In turn, the relaxation frequency was shifted. Water occupied the 
majority portion of the pore fluid phases. The strong inclination of water molecules to 
form H bonds with each other influences their interaction with non-polar molecules that 
are incapable of forming H bonds, such as hydrocarbons (Israelachvili, 1991). Water 
molecules were prone to reorient themselves to form tetrahedral “cages” around the non-
polar molecules so that H bonds did break (Israelachvili, 1991). The bigger the non-polar 




cations (TBA) likely depressed the orientational mobility of the water molecules around 
them more than smaller organic cations (TMA) did. Therefore, the characteristic 
relaxation frequency of TBA was lower than that of TMA.  
Hydraulic conductivity 
Literature review 
The hydraulic conductivity of organobentonites has been well-documented (Burns 
et al., 2006b; Li et al., 1996; Lorenzetti et al., 2005; Smith et al., 2003). Lorenzetti et al. 
(2005) reported that the hydraulic conductivity of geosynthetic clay liners (GCLs) 
increased when GCLs were amended with two different types of organobentonites: 
BTEA-bentonite and HDTMA-bentonite. As the content of organobentonites 
amendment increased from 10% to 90%, increases of three orders of magnitude in 
hydraulic conductivity were obtained. Lorenzetti et al. (2005) postulated that the 
increase of hydraulic conductivity was partially due to the fact that the organobentonites 
were hydrophobic and did not swell as much as untreated bentonites in the presence of 
water. Less swelling led to larger voids available for flow, which increased the 
hydraulic conductivity. However, if the permeant was changed to an organic solution, 
the hydraulic conductivity was not significantly altered due to sorption of organic 





Materials and experimental methods 
Organoclay (TMA, TEA, TBA, DTMA, and HDTMA) samples were prepared by 
cation exchange as described in Chapter 2. After cation exchange was completed, the 
slurry was carefully poured into a stainless steel slurry consolidometer, taking care to 
avoid entrapment of air. The dimensions of the consolidometer were 10.2 cm (4 inch) in 
diameter and 45.7 cm (18 inch) in height. Axial load was placed on the slurry in 
increments of 3.5, 7, 14, 28, 56, and 100 kPa, until consolidation was achieved at each 
load step. The stress was applied to the slurry using Geotac load trac systems (Geotac, 
Texas, USA). Once the ultimate preloading stress wa achieved, the slurry was unloaded 
by the same increments, in the reverse order. The duration of each load step was typically 
1 day; however, at maximum load, the duration was increased, depending on the 
observed rate of settlement. P5 filter paper (Fisher Scientific) and a nonwoven geotextile 
were placed on top and bottom of the samples to facilitate drainage. To maintain the ionic 
strength of the pore fluid during slurry consolidaton, a 0.001M NaCl solution was used 
to maintain saturation. After the slurry consolidated, the samples were extruded from the 
consolidation tube, and the specimen was divided into 3 parts for further testing. Samples 
were trimmed with a soil lathe and wire saw into 3.6 cm (1.4 inch) diameter and 7.6 cm 
(3 inch) height samples. The final water contents of the slurry consolidated samples 
ranged between 136% and 228%.   
The hydraulic conductivity of TMA, TEA, TBA, DTMA, and HDTMA 
organobentonites at 100% CEC, and TMA and HDTMA at 30% and 60% CEC was 
tested according to ASTM D5084-03 (effective confini g stress = 100kPa). The inflow 




maintain a background ionic strength for the clay surface and the bulk solution. To 
prevent corrosion within the panel controls, the salt olution was isolated from the de-
aired (Nold deaerator) water by two P620000 bladder accumulators (Trautwein Soil 
Testing Equipment, Houston, Texas, USA). B values of 0.95 were obtained before testing. 
Hydraulic conductivity was measured using falling head rising tail system 


















outin  Equation 3-17 
where a is the cross-sectional area of the burette containi g the inflow (ain) and outflow 
(aout) fluid; L is the height of soil sample, A is the cross-sectional area of soil sample, h1 
and h2 are the initial and final total head, t∆  is the time of permeation. 
Results and discussion 
The hydraulic conductivities of TMA and HDTMA-bentoite were measured 
under 100 kPa effective confining pressure at organic loadings of 30%, 60%, and 100% 
of CEC (Figure 3-27).  As was anticipated, the hydraulic conductivity increased as the 
organic loading was increased. This trend is attribu a le to the fact that the 
organobentonites were hydrophobic and did not exhibit the same swelling characteristics 
as untreated bentonites in the presence of water (Lo enzetti et al., 2005). At the 
microscopic level, the electrical repulsive forces between organobentonites particles are 
lower than those between pure bentonite particles, and the attractive forces are higher due 




surfaces. As a result, at a given effective confinig stress, organobentonite particles 
tended to form larger aggregates than did unmodified b ntonite particles, leaving larger 
pore voids, which in turn increased the hydraulic conductivity. Hydrophobicity increased 
as the size of the organic cations increased (TMA→TEA→TBA). Consequently larger 
aggregates were formed in TEA and TBA clays than in TMA-bentonite, and the 
hydraulic conductivity was higher. DTMA and HDTMA had a single long carbon chain, 
with hydrophobicities even higher than organic cations with short carbon chains., and the 
resulting conductivity increased Their resulting hydraulic conductivity was higher than 
that of TMA, TEA, and TBA (Figure 3-28). However, the hydraulic conductivity of 
DTMA was about an order of magnitude higher than that of HDTMA. This is probably 
due to the decreased water content of HDTMA (116% at 100 kPa) comparing to that of 
DTMA (190% at 100 kPa). The hydraulic conductivity of the 30% and 60% exchanged 
HDTMA bentonite did not increase as significantly when compared with TEA and TBA 
bentonites at similar levels of organic carbon, indicating that it the number of sites 
exchanged on the clay surface, as opposed to the quantity of organic carbon, may play the 





Figure 3-27. Hydraulic conductivity of TMA-bentonite and HDTMA-bentonite as a 
function of organic loading. . 
 
Figure 3-28. Hydraulic conductivity of 100% CEC exchanged organobentonite as a 
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Heat flux through geomaterials was often encountered in many engineering applications, 
including high level nuclear waste isolation, energy piles, thermal ground improvement 
techniques, and waste containment facilities (Abuel-Naga et al., 2009). Heat transfer 
mechanisms included conduction, radiation, and convection; however, heat flow through 
soil and rock was almost entirely by conduction, although radiation may contribute for 
surface soils, and convection may be important when t re was significant water or air 
flow (Mitchell and Soga, 2005). Thermal conductivity, kt or λ, was the measurement of 
the ease with which heat passes through a soil. Soil minerals usually had higher thermal 
conductivity than water, and water had higher conductivity than air; consequently, heat 
flow was primarily through the solid phase of the soil, and wet soil transfers heat faster 
than dry soil. Typical thermal conductivity values of some soil minerals were given in 
Table 3-5.  
Table 3-5. Thermal Conductivities of Selected Geomaterials 
Materials Thermal conductivity, W/m/K 
Soil minerals[1] 0.25 – 2.5 
Air [1] 0.024 
Water[1] 0.60 
Dry bentonite[2] 0.4 – 1.1 
[1] Mitchell and Soga (2005). 




Factors that influence thermal conductivity were mineralogy, dry density, pore 
fluid, saturation, temperature, and gradation (Mitchell and Soga, 2005). Sand and silt 
usually had higher thermal conductivity than clay (Abuel-Naga et al., 2009). As the 
saturation or dry density increased, λ increased. Well-graded soil had higher λ than 
poorly-graded soil, because the contact number increases for well-graded soil. For all 
crystalline minerals, λ decreased as temperature increased (Abuel-Naga et al., 2009). No 
study was found that quantified the effect of organic coatings on the thermal conductivity 
of clay minerals. In this study, the thermal conductivities of seven organobentonites with 
different types and amount of organic cations exchanged were measured as a function of 
branch effect and tail length effect. 
Materials and experimental methods 
The thermal conductivity of 7 organobentonite samples (100TMA, 100TEA, 
100TBA, 100DTMA, 30HDTMA, 60HDTMA, and 100HDTMA bentonite) were 
determined using the needle probe method. The test wa  based on the infinite line heat 
source theory as described in (Carslaw, 1959). The thermal conductivity was determined 
according to Equation 3-15 for heating and Equation 3-16 for cooling (ASTM D5534 – 
08): 




  Equation 3-18 
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  Equation 3-19 
where T∆  is temperature rise from time zero (K), Q is the heat input per unit length of 















versus T∆ , and λ  was calculated from the slope of each curve and Q.  
Soil samples were prepared as described in the hydraulic conductivity section, 
with the maximum one dimensional consolidation pressure equal to 100 kPa. The 
cylindrical soil sample had a height of 14.2 cm (5.6 inch) and diameter of 7.11 cm (2.8 
inch). A small hole was predrilled in the sample prior to inserting the thermal probe; a 
thin layer of silver grease (Arctic Silver Inc.) was used to reduce the contact resistance 
and ensure a good contact at the needle-soil interfac . A thermal probe (Model no. TC-18, 
East 30 Sensors) of 60 mm (2.36 in) in height, and 1.27 mm (0.05 in) in diameter was 
then fully inserted perpendicular to the top plane of the soil cylinder, at the center of the 
soil sample. The heat was provided by a CR3000 Micrologger (Campbell Scientific), and 
the heat flux (Q), temperature rise (T∆ ), ambient temperature were recorded by CR3000 
Micrologger data logger. Calibration was performed on 99% glycerine (PTI Process 
Chemicals). Both the heating and cooling process took 100 seconds. In view of the heat 
capacity of the needle probe, the data from the first 20 seconds of both the heating and 
cooling portion were omitted in calculating the slope (ASTM D5534 – 08). The average 
of both the heating and cooling portion was reported, and a minimum of 5 repeat tests 
were performed for each soil sample.  
Results and discussion 
Temperature-time signature of a single measurement on 60% HDTMA bentonite 
was shown in Figure 3-29(a). The temperature-time signature plot was then plotted in 




cooling processes were calculated to derive thermal conductivity. The data showed 
reasonable consistency as shown in the R-square valu s. 
The results of thermal conductivity of organobentonites suggested that as a 
general trend, thermal conductivity decreased as organic content increased [Figure 
3-30(a)]. The smallest QAC, TMA cation (4C1), possessed the highest thermal 
conductivity of 0.87 W/(K.m), which is higher than that of water (0.60 W/(K.m)). As the 
size of QACs increased from TMA (4C1) to TEA (4C2) and TBA (4C4), the thermal 
conductivity decreased from 0.87 to 0.84 and 0.78 W/(K.m), respectively. As the branch 
size of the organic cation increased, the thermal conductivity decreased, indicating the 
organic layer acted as an insulator. Similarly, when the length of single C-chain increased 
from TMA (4C1) to DTMA (1C10) and HDTMA (1C16), λ decreased from 0.87 to 0.77 
and 0.75 W/(K.m). DTMA (1C10) with 10 carbon chain had similar effect as TBA (4C4), 
indicating that total organic carbon content, and not structure of the organics, was 
controlling the thermal conductivity.  
In terms of organic loading on HDTMA (1C16), a substantial decrease in thermal 
conductivity was observed as the surface cover increased from 30% CEC to 60% CEC; 
however, only a small change was observed from 60% CEC to 100% CEC. This 
suggested that when more than half of the CEC of bentonite sites were covered with 
HDTMA cations, direct contact between bentonite face planes was shielded by the 
organic phases. When the organic coverage was lower than 50% of CEC of bentonite, the 
organic phase did not cover the complete clay surface, thus allowing more particle to 




Figure 3-29. (a) Temperature



















-time signature for a single measurement on 60% 
rature- ln(t) plot for deriving thermal conductivity.










Figure 3-30. Thermal conductivity of organobentonites versus (a) organic loading, 







Addition of organic coatings to clay surface had two fold of effects on the thermal 
conductivity. One effect was the decrease of porosity and loss of pore space, and the 
resulting increase of contacts between particles. Increase in inter-particle contacts, on one 
hand, lead to more heat transfer paths through particle-particle contacts, and therefore 
enhanced thermal conduction. On the other hand, increased inter-particle contacts 
resulted in higher thermal gradient with the surrounding medium, which eventually led to 
higher heat transfer to the pore space (heat loss) (Yun and Santamarina, 2008). Another 
effect was on the particle-level heat transport processes. Several heat transfer processes 
concurred: (1) Conduction along the mineral (2) fluid convection within large pores, (3) 
conduction along the pore fluid within the pore space (hydrostatic and advecting pore 
fluid), (4) particle-fluid-particle conduction across the fluid contacts, (5) particle-particle 
conduction across contacts, and (6) particle-fluid conduction (Cortes et al., 2009). 
Processes 1 – 3 might be less influenced by the introduction of organics, while processes 
4 – 6 were influenced by the organic coating through the interface between particle and 
fluid or particle. From the measured thermal conductivity results in [Figure 3-30(a)] we 
found that particle-level heat transfer processes 4 – 6 played an important role in the 
overall thermal conductivity of organobentonites. In another word, the low thermal 
conductivity of organic coatings at the particle surface weakened the heat transfer 
processes through particle to particle and particle o fluid contacts. The porosity change 
due to the presence of organic cations did not seem to greatly affect the thermal 





In terms of the observed conduction phenomena, the following conclusions can be 
drawn: 
• At a given concentration, the conductivity of quaternary ammonium cations solutions 
decreased as the cation size increased, due to lower mobility. In addition, the micelle 
formation of QACs with long C-chain further decreasd the mobility of organic 
cations.  
• Critical micelle concentration were identified by the measurements of the DC 
conductivity test, and agreed with the surface tension results and with those in the 
literature. 
• Polarization loss of water at low concentration (<0.01M) was constant (about 5) for 
all organic solutions, while higher concentrations (> 0.01M) showed some small 
variations (± 3), but still less significant than the DC conduction. DC conduction 
contributed to the effective imaginary conductivity primarily, except for very low 
concentration solutions, where DC conductivity was very low.  
• Real permittivities of NaCl, TMA Cl, TEA Br, TBA Br, DTMA Br, DDTMA Br, and 
HDTMA Br solutions decreased as concentration increased, which held true at all 
frequencies from 0.1 to 1.3 GHz. Real permittivity decreased because the mobility of 
water molecules involved in hydrating ions was decreased due to the increased 
presence of electrolyte ions; however, there were exceptions: at frequencies lower 
than 0.6 GHz, organic cations with a long C-chain (DTMA, DDTMA, and HDTMA) 
and concentration higher than approximately 0.02 M, higher concentration led to an 




enough to generate such high values of real permittivities. It is postulated that the 
spatial relaxation mechanism prevailed at the frequency range from 0.1 to about 0.6 
GHz due to the presence of micelles, which would occur in high concentration 
solutions of organic cations with a long C-chain (DTMA, DDTMA, and HDTMA). 
The relation between micelles and the relaxation mechanism was not clear. 
• Organic phases, having less permittivity than free water, reduced the real permittivity 
and effective imaginary conductivity of organobentoni es in general. The amount of 
bound water determined the polarizability of the organobentonite suspensions, and 
the specific surface area determined the amount of bound water molecules. It was also 
found that specific surface area measurement correlated well with real permittivity.  
• Characteristic frequency of the relaxation due to orientational polarization of water 
was influenced by the presence of organobentonites. For organobentonite suspensions, 
the characteristic frequencies were 0.83 GHz, 1.3 GHz and larger than 1.3 GHz for 
TBA, TEA, and TMA bentonites, and were 0.83 GHz and 1.07 GHz for DTMA and 
HDTMA bentonites. The amount of organic loading did not seem to affect the 
characteristic frequencies. The relaxation mechanism significantly changed the 
measurements of real permittivity and effective imagin ry conductivity for 
organobentonite suspensions.  
• Hydraulic conductivity of organobentonites increased as the size, the length of a 
single long C-chain, or the amount of organic loading ncreased. This trend was 
attributable to the fact that the organobentonites w re hydrophobic and did not exhibit 
the same swelling characteristics as untreated bentonites in the presence of water 




• Thermal conductivity of organobentonites decrease as the size, the length of a single 
long C-chain, or the amount of organic loading increased. The low thermal 
conductivity of organic coatings at the particle surface weakened the heat transfer 
processes through particle to particle and particle to fluid contacts.  The porosity 
change due to the presence of organic cations did not seem to greatly affect the 





Chapter 4 Effect of Total Organic Carbon Content and 
Structure on the Electrokinetic Behavior of Organoclay 
Suspensions 
Introduction 
In addition to changing the mechanical and hydraulic properties of the clay soil 
(Burns et al., 2006b), exchanging organic cations o t  the clay surface also has 
significant impacts on the electrokinetic behavior of the mineral. When a charged particle 
is immersed in water and is subjected to an electric field, it will move relative to the bulk 
solution. The particle, along with sorbed ions and a sorbed fluid phase, will translate 
through the bulk fluid; the zeta potential (ζ) represents the electric potential measured at 
the interface between this slipping plane and the bulk fluid. The measured zeta potential 
yields insight into the surface charge of the clay mineral and its electrokinetic interactions 
with the fluid phase. 
Previous work has quantified either the electrophoretic mobility or the zeta 
potential of montmorillonite in NaCl solutions, with measured values of ζ ranging from -
60 mV to – 30 mV (Duran et al., 2000; Saka and Guler, 2006; Singh and Sharma, 1997; 
Tombacz and Szekeres, 2006).  The reported differenc s may be attributed to variation in 
parameters such as the degree of isomorphic substitution of the montmorillonite or 
concentration of the background solutions. Additionally, when the bulk solution 
background electrolyte was changed to a different inorganic cation, the measured zeta 
potential was altered in part according to the affinity of the clay for the inorganic cation 




et al., 2006; Niriella and Carnahan, 2006; Pierre and Ma, 1997; Pierre and Ma, 1999; 
Saka and Guler, 2006; Singh and Sharma, 1997; Zhuang and Yu, 2002). 
Similarly, the addition of an organic cation to the charged clay surface will also 
influence the resulting zeta potential. A variety of organics can be used to create organic 
rich clays, including surfactants such as sodium dodecyl sulfate and 
dodecyltrimethylammonium bromide (Gunister et al., 2004; Kaya and Yukselen, 2005), 
humic acid and fulvic acid (Ramos-Tejada et al., 2001; Ramos-Tejada et al., 2003; Sondi 
and Pravdic, 1996), and many types of polymers (Botter  et al., 1988; Gunister et al., 
2007; Kaya and Yukselen, 2005; Ramos-Tejada et al., 2006).  Zeta potential 
measurements of these organic rich clays showed that anionic surfactants, such as 
dodecyl sulfate anion, decrease the zeta potential, while cationic surfactants, such as 
dodecyltrimethylammonium cation, increase the zeta potential, while charge-neutral 
organic compounds, including some humic and fulvic acids, have little or no effect on the 
measured zeta potential. Polymers are more complex than simple organic ions because 
they often consist of more than one functional group, and the resulting zeta potential can 
be increased, decreased, or not affected. 
This study focused on the behavior of montmorillonite that was modified with six 
different quaternary ammonium organic cations. For the materials studied in this 
investigation, the montmorillonite was hydrophilic, and the quaternary ammonium 
cations had alkyl functional groups with an ammonium head group; therefore, the 
primary driving forces for interaction at the particle surface were electrostatic interaction 
and hydrophobic lateral interactions. The organic cations chosen for study were selected 




alkyl positions), as well as the effect of cation chain length (i.e., increasing the carbon 
chain length in one of four alkyl positions) on the m asured zeta potential. Changing the 
size and chain length of the organic cation altered both the packing on the clay surface as 
well as the hydrophobicity of the exchanged clay, which in turn altered the measured zeta 
potential.   
Materials and Experimental Methods 
Materials.  
 Six quaternary ammonium cations were chosen for study: 
tetramethylammonium (TMA, denoted: 4 C1) chloride [(CH3)4NCl], tetraethylammonium 
(TEA, denoted: 4 C2) bromide [(CH2CH3)4NBr], tetrabutylammonium (TBA, denoted: 4 
C4) bromide [((CH2)3(CH3))4NBr], decyltrimethylammonium (DTMA, denoted: 1 C10) 
bromide [(CH3)3NC10H21Br], dodecyltrimethylammonium (DDTMA, denoted: 1 C12) 
bromide [(CH3)3NC12H25Br], and hexadecyltrimethylammonium (HDTMA, denoted: 1 
C16) bromide [(CH3)3NC16H33Br]. All cations were obtained from Fisher Scientific, and 
were used as received. Hydrochloric acid (HCl, Fisher Scientific), sodium hydroxide 
(NaOH, Fisher Scientific), sodium chloride (NaCl, Fisher Scientific), and soda lime (> 4% 
NaOH, J.T. Baker) were also used as received, and the water used in all experimentation 
was deionized (Barnstead E-pure). Wyoming bentonite (CG-50, CETCO), composed 
primarily of sodium montmorillonite, was the base clay for the study and was used as 
received. The natural-organic carbon content of the material was 0.2% (Huffman 
Laboratories, Inc., Golden, CO), and its cation exchange capacity (CEC) was 69.1 





 The organobentonites used in this study were synthesized in the laboratory by 
exposing the particle surfaces of the bentonite to an aqueous solution containing the 
quaternary ammonium cation at 30%, 60%, and 100% of the cation exchange capacity of 
the clay. The organic compound was dissolved in 2 liters of deionized water, and 20 
grams of the clay were added to the aqueous solution. The resulting suspension was 
mechanically stirred for 15 minutes and allowed to stand for a minimum of 24 hours to 
allow gravity separation. The supernatant was then siphoned off, and the solids were 
rinsed with deionized water to remove any salts or lo sely bound cations, and the process 
was repeated until the conductivity of the supernata t was below 600 cmS/µ .  
Mineralogical impurities were separated by gravity settling.  The suspension was then 
oven-dried at 105 oC until the water was completely evaporated.  Large clumps of the 
organoclay were pulverized and further ground to fine powder with a mortar and pestle.  
The fine-grained portion was separated by sieving through No. 200 sieve and then stored 
in airtight containers until tested. 
 The zeta potential was measured using a ZetaPlus zeta potential analyzer 
(Brookhaven Instruments Corporation, Holtsville, NY, USA). ZetaPlus uses 
eletrophoretic light scattering and the laser Doppler velocimetry (LDV) method to 
determine particle velocity or mobility, and the zeta potential was determined from 
particle mobility using Henry’s equation: 
)( afore κη




where eµ  is the electrophoretic mobility, rε  is the relative dielectric constant, oε  is the 
permitivitty of free space, η is suspension viscosity, a  is the radius of the suspended 
particles, ζ is the zeta potential, and κ  is the reciprocal Debye length. The 
Smoluchowski limit was adopted in the calculations, by assuming the radius of the 
kinetic unit was far greater than the thickness of the electrical double layer ( 1>>aκ ), 
resulting in: 
η
ζεεµ ore =   Equation 4-2 
 Sample preparation included mixing 0.12 grams of each organoclay with 200 
mL of 0.01 mol/L NaCl solution. The resulting suspensions were then ultrasonically 
dispersed (Branson 8510, Branson Ultrasonics Corporation, Danbury, CT, USA) for 30 
minutes to break clay aggregates. The suspension was then transferred into a nitrogen 
atmosphere (CO2-free) within a glove box (Scienceware, Fisher Scientific) to prevent the 
dissolution of atmospheric CO2 into the suspension. During the course of the experiments, 
nitrogen gas was circulated through the glove box to reduce the entry of CO2 and a 
granular sodium calcium hydrate (4 – 8 mesh, soda lime, JT Baker) was used as a CO2 
absorber within the glove box. 
 The zeta potential was measured for each organoclay at acidic pH values 
between 3.5-4.5, as well as over a range of pH, varying from approximately 3.5 to 10.5. 
The value of pH was adjusted using either1 mol/L HCl or NaOH solutions. Additionally, 
the zeta potential of the unmodified bentonite was measured as a function of pH, ranging 
from pH = 2 to 11. Throughout the course of the experiments, some pH drift was 




 Approximately 1.5 mL of the suspension supernatant was extracted to a cuvette 
for each zeta potential measurement. The suspension was stirred before extraction in 
order to uniformly distribute particles. Zeta potential measurements were taken in 
duplicate every 1 to 7 days, until the measured differences of last 10 readings were within 
5 mV. Measurements were continued until the readings stabilized, typically between 30 
to 76 days. Equipment operation was verified daily by measuring the zeta potential of a 
reference material of known zeta potential (ZR-3, Brookhaven Instruments). 
Results and Discussion 
 The zeta potential of unmodified montmorillonite (with naturally occurring 
inorganic cations) was measured over a pH range from 2 to 10.5 (Figure 4-1). The 
measured zeta potential was approximately -28 mV at pH = 2, becoming more negative 
as the pH value was increased to pH = 4.5, and then remaining relatively stable at a value 
of approximately -46 mV up to pH = 10.5. At extreme values of pH, the montmorillonite 
structure would undergo dissolution, which was generally agreed to occur at the particle 
edges and progress through the breaking of the bridge oxygen bond (Si-O-Al), releasing 
aluminum and then silicon atoms into solution (Bickmore et al., 2001; Oelkers, 2001; 
Rozalen et al., 2008). At low values of pH, the predominant aqueous form of released 
aluminum was Al3+, which along with H+, exhibited a high affinity for the clay surface. 
Aluminum displaced the naturally occurring sodium, resided in the bound layer and 
effectively neutralized more negative surface charge than sodium, which in turn, resulted 
in a less negative zeta potential. At values of pH in basic conditions, dissolution of the 
mineral would also occur; however, the predominant queous species of aluminum at 
elevated values of pH was Al(OH)4




particle surface due to electrostatic repulsion. The predominant cation at these high 
values of pH will again be Na+, which is weakly bound and results in less positive charge 
being retained within the shear plane, and a negative zeta potential over pH values in the 
basic range. Zeta potential of the unmodified montmorillonite in the variable pH 
solutions was also measured as a function of time (up to 70 days); however, the measured 
values did not deviate significantly from the initially measured values (<10 mV, data not 
shown). 
 
Figure 4-1. Zeta potential as a function of pH for unmodified sodium 
montmorillonite. 
 
 The exchange of the organic quaternary ammonium cations for the clay’s 
























potential (Figure 4-2 and Figure 4-3). The effects of two variables were measured: first, 
the effect of the length of the carbon chain in one f the quaternary positions (methyl 
groups in the three remaining positions) and second, the effect of cation size (increasing 
the length of all four carbon chains). Increasing the length of the chain on one of the four 
quaternary positions allowed comparison of TMA (4 C1), DTMA (1 C10), DDTMA (1 
C12), and HTMA (1 C16) (Figure 4-2), while increasing the length of the chain in all four 
quaternary positions allowed comparison of TMA (4 C1), TEA (4 C2), and TBA (4 C4) 
(Figure 4-3). 
 Increasing the length of one of the carbon chains in the quaternary group 
resulted in two pronounced effects on the zeta potential of the clay (Figure 4-2). First, at 
each exchange level (30% CEC, 60% CEC, and 100% CEC), increasing the number of 
carbons (1 C#) in one chain increased the zeta potential of the clay (that is, made it less 
negative). Over the range of tested organic content, measured values for TMA (4 C1) 
were between -30 and -35 mV, while the measured values at the same exchanged 
percentage for HDTMA (4 C16) ranged from 0 to -17 mV (Figure 4-2). Increasing the tail 
length on the carbon chain increased the hydrophobicity of the clay, which increased the 
hydrophobic lateral interaction between cations. This result was significant because it 
bonded more positive charge within the shear plane, resulting in a less negative zeta 
potential. The effect was most pronounced as the number of carbon was increased 
because longer chains led to stronger lateral interac ion (Zhang and Somasundaran, 2006), 
binding more cation within the shear plane. For example, even at 100% cation exchange 
capacity for DDTMA clay (1 C12), a negative zeta potential was measured (-8 mV), 




of the CEC was exchanged with the organic cation; hwever, for HDTMA (1 C16) clay 
exchanged at 100% of its CEC, the measured zeta potential was essentially equal to zero, 
indicating that lateral interaction between the cation chains was strong enough to retain 
most of the HDTMA cations (100% CEC) within the shear plane. Note also that the 
measured zeta potential increased as the percentage of exchanged organic cation was 
increased from 30% of the cation exchange capacity to 100% of the CEC (Figure 4-2). It 
is believed that the addition of the organic cation t  the particle surface resulted in a 
hydrophobic surface phase that tended to force inorganic cations out of the sorbed layer, 
and into the diffuse double layer, even at low total rganic carbon contents. Subsequently, 
much of the negative surface charge was not compensat d within the bound layer, 
resulting in a net negative zeta potential. The effct diminished as the organic content 
was increased, because more positive charge was bound within the shear plane in the 
form of organic cations. 
 For all clays tested, increasing the total organic carbon content resulted in a less 
negative zeta potential, indicating that more organic cation was bound within the shear 
plane as the percentage exchanged was increased (Figure 4-2). In the case of HDTMA, 
there was an approximately linear increase in zeta potential as the exchanged cation 
percentage was increased; however, as carbon chain length was reduced to 10 or 12 
carbons, the function was nonlinear, and the measurd zeta potential values were negative 
(-10 to -15 mV) at 100% CEC, indicating that some of the cations were not bound within 





Figure 4-2. Zeta potential as a function of organic loading, varying the length of one 
carbon chain: a) as a function of percent CEC exchanged; and b) as a function of 
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Figure 4-3. Zeta potential as a function of organic loading, varying the size of the 
organic cation: a) as a function of percent CEC exchanged; and b) as a function of 
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 The effect of increasing the size of the organic cation by increasing the chain 
length of all four chains in the quaternary ammonium positions was also studied (Figure 
4-3). As the number of carbons on each branch of the quaternary ammonium cation 
increased from 1 to 2 to 4 (TMA to TEA to TBA), the measured zeta potential became 
less negative, indicating that more of the organic cation was retained within the shear 
plane as the size of the cation was increased (Figure 4-3). The effect was most 
pronounced in the transition from TMA to TEA at hig organic carbon contents. 
Increasing the total number of carbons in the organic cation decreased the solubility of 
the cation, which increased the attraction of the cation to the particle surface, resulting in 
more positive charge being bound within the shear pl ne. However, even at organic 
loadings as high as 100% CEC, only a portion of the positive charge was bound within 
the shear plane, resulting in measured zeta potential values that were still less than zero, 
but which, notably, increased as the total organic carbon sorbed to the clay was increased 
(Figure 4-3). 
 Comparing the measured zeta potential values for the organoclays as a function 
of increasing size (four carbon chains with 4 C# < 4) to the values measured as a function 
of increasing length of only one carbon chain (1 C# > 10), it was found that the longer 
carbon chain was a more effective method to bind cations within the shear plane (Figure 
4-4). Even when the total organic carbon content was similar (e.g., TBA versus DDTMA), 
the measured zeta potential was measurably less negativ  for DDTMA, indicating that 
the structure of the organic cation was of primary consideration, as opposed to the total 
mass of organic present on the clay surface, in determination of the zeta potential. The 




rendering a lower packing density, and subsequently, decreased exchange when 
compared to the cations in which only one tail length was increased (e.g. DTMA, 
DDTMA, and HDTMA). The resulting surface potential for TBA was consequently more 
negative than that of DDTMA, which was reflected in the more negative measured zeta 
potential.  
 
Figure 4-4. Comparison of zeta potential as a function of organic content, chain 
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 The influence of the organic cations on the zeta potential was measured over a 
range of pH values, varying between approximately 3.5 – 10.5 (data shown for 100% 
CEC clays for clarity, trends were similar at other exchanged percentages) (Figure 4-5). 
For all organoclays at all measured values of pH, the zeta potential of the organoclay was 
higher than the zeta potential of the unmodified mont orillonite, indicating that the 
organic cations were retained at a higher percentag inside the shear plane than are the 
naturally occurring inorganic cations, and that the bonding between organic cations and 
montmorillonite was stronger than that between sodium cations and montmorillonite. 
Across the entire pH range tested, the hydrophobicity of the organic cations led to 
expulsion from the polar aqueous phase, increased lat ra  interaction between the cation 
tails (Fuerstenau and Pradip, 2005; Zhang and Somasund ran, 2006), and higher affinity 
for the charged clay surface than the inorganic cations that had a relative affinity for the 
polar water phase. 
 In all cases, the measured zeta potential became mor  negative as the pH 
increased, as was observed in the case of unmodified montmorillonite; however, the 
decrease was slight for the larger sized organic cations (TEA (4 C2) and TBA (4 C4)) 
(Figure 4-5), and the zeta potential was less sensitive to pH as the total organic carbon 
was decreased. Additionally, the long chain organoclays also exhibited notable behavior: 
at low pH, the zeta potential became less negative s the length of the quaternary chain 
was increased (i.e., HDTMA > DDTMA > DTMA > TMA). Consequently, even at 100% 
CEC, a negative zeta potential was measured for the shorter chain clays. The effect of the 
pH on the interaction of the organic phase with the mineral surface is complex, but it is 




specific interaction of organic cation with the negatively charged surface sites on the clay 
mineral surfaces. In turn, this hydrophobic interaction, which increased as the length of 
the carbon tail was increased, shielded the negative surface charge, resulting in a net 
charge within the shear plane that approached zero as the pH was decreased, organic 
content was increased, and the tail length was increased to 16 (HDTMA, 1 C16). The 
binding of positive charge on the surface was less fficient as the chain length was 
decreased, which resulted in less screening of negativ  surface charge and negative zeta 
potential. The same trends held for the organic cations that were selected to study 
increasing size (TMA, TEA, TBA).  
 Throughout the study, the measured zeta potential values exhibited a time-
dependency, increasing from the initially measured value by a magnitude of 5 to 20 mV. 
Clay minerals typically exhibit minimum solubility at the zero point of charge, pHzpc. 
Consequently, the rate of dissolution increased as the pH diverged from the point of zero 
charge (Rozalen et al., 2008), releasing metal cations, such as Si4+, Al3+, and Mg2+ (Baron 
and Shainber.I, 1970; Barshad, 1960; Chernov, 1947). The dissolution was expected to be 
congruent and stoichiometric at pH < 4 and pH > 10, but was incongruent in the range of 
pH = 5 - 10, where adsorption/precipitation of Al was expected to occur (Rozalen et al., 
2008). The released Al3+ from the montmorillonite edges had high relative affinity for 
basal planes of montmorillonite (Barshad, 1969; Chernov, 1947; Coleman and Craig, 
1961); in this study, it is believed that the dissoluti n of montmorillonite and subsequent 
release of Al3+ liberated higher valence cations that could displace the sorbed monovalent 
(Na+) cations from the montmorillonite, which in turn partially neutralized surface charge 




Al 3+ form; while at pH = 4.7 - 6.5, the predominant species is Al(OH)2+; and at pH = 6.5 
– 8 Al(OH)3 predominates.  Above pH = 8, the primary species is Al(OH)4
-.  The surface 
reactions will also be influenced by the precipitation of Al(OH)3(am) on the clay surface 
for zeta potential values that were measured between pH 5.0-10.0 (Tombacz and 
Szekeres, 2004; Wiese and Healy, 1975).  Additionally, Jackson (Jackson, 1960) notes 
that polymerization of aluminum species begins above pH 5 (general chemical structure 







62)( , where n is the average number of Al ions per polymer). Those 
polymerized units are thought to have higher relative affinity for the particle surface than 
Al 3+ (Chernov, 1947; Jackson, 1963; Jenny, 1961). Polymers are thought to be virtually 
unexchangeable once precipitated onto the surface, and can contribute to the reduction of 
the cation exchange capacity of soils (Bohn et al., 2001; Sparks, 2003). 
Conclusions 
 The zeta potential of Wyoming montmorillonite clay, and six organically 
modified clay samples was measured as a function of pH, cation chain length, and cation 
size. This study presented that compared to the clay’s naturally occurring inorganic 
cations, exchanged quaternary ammonium cations were more likely bound within a 
particle's shear plane, resulting in a less negative zeta potential for organoclays than that 
for unmodified bentonite. Zeta potential became less negative as the length of carbon 
chain was increased (1 C#), as the total organic carbon content was increased, and as the 
pH was decreased. Increasing the length of one carbon tail (1 C#) was more effective at 




when compared on the basis of total organic carbon content. Increasing the pH of the 
bulk solution resulted in a decrease in zeta potential for all clays measured. 
 
 
Figure 4-5. Comparison of zeta potential as a function of pH for a) increasing chain 
























































Chapter 5 Triaxial Shear Strength Behavior of Bentonite 
Modified by Quaternary Ammonium Cations 
 
Introduction 
Organic materials are ubiquitous in the geologic enviro ment, and can exert 
significant influence over the interfacial propertis of minerals; however, due to the 
complexity of their structure and interaction with soil solids, their impact has remained 
relatively unquantified. Natural organic matter (NOM) is generated through the 
metabolism, death, and breakdown of all types of organic life forms, yielding large 
concentrations of dissolved or particulate materials that are geochemically reactive with 
charged inorganic geological materials like soil grains. NOM contents in soils are highly 
variable, and can range from 0.5% to 5% (by weight) in he surface horizon of soils, to as 
high as 100% in organic soils (Sparks, 2003). Natural o ganic matter is of engineering 
interest because it readily forms organic coatings that can affect the frictional behavior, 
sensitivity, and hydraulic conductivity/contaminant transport characteristics of a soil 
deposit. Additionally, organic coatings are an important contributor of nutrients to 
microbial communities, which in turn create additional organic coatings in the form of 
biofilms. Natural organic matter occurs in a variety of forms, but can be easily divided 
into fulvic acids, which are soluble in base and acid, humic acids, which are soluble in 
base but not acid, and humin, which represents the insoluble portions of organic matter. 
In addition to naturally occurring organic matter, synthetic organic compounds are also 




applications as lubricants during pipe-jacking, borehole stabilizers, and as components of 
geosynthetic clay liners and slurry walls to resist h ghly concentrated chemical solutions. 
Because the occurrence, weight, and structure of natural organic material is highly 
heterogeneous and because engineered applications use proprietary undisclosed 
formulations, it is difficult, if not impossible, to quantify the effects of organic matter on 
natural geologic materials in a systematic method. Consequently, this work quantifies the 
frictional interaction of a clay mineral that has been coated with a known, controlled 
organic phase, with a specified density of coating (both lateral extent and thickness), and 
structure of the organic cations that were exchanged onto the mineral’s surfaces.   
Engineered Organic Matter 
The organic cations chosen for study were quaternary ammonium cations, which 
are generated physiologically in living organisms, and produced commercially for a 
variety of industrial applications. When combined with a mineral of measurable cation 
exchange capacity, the organic cations will preferentially displace the naturally occurring 
inorganic cations like Na+ and Ca2+ and bond electrostatically (at low concentrations, 
additional drive force were discussed later) to the mineral surface, producing a soil with a 
base mineral solid phase bonded to a specified organic phase.  
 In frictional interactions, a regime of particle to particle lubrication dominates 
when a long-chain carbon surfactant like hexadecyltrimethlyammonium (HDTMA) is 
loaded onto a particle surface at a high density (Boschkova et al., 2002). For the case of 
friction measurements at low pressure, the surfactant forms a fluid-like layer which 
controls particle to particle interaction; that is, the tails of the surfactant chains interact, 




density of loading of the surfactant can actually change the particle interaction regime 
from lubrication to increasing friction. Friction can be increased by choosing a surfactant 
that exhibits disorder at the molecular scale; interactions become governed by energy 
dissipative mechanisms such as chain entanglement, which becomes more pronounced as 
the density of surfactant packing on the surface is decreased. Decreasing the density of 
packing of the surfactant can also lead to changes in the frictional regime because the 
surfactant monolayer no longer acts as a unified fluid layer, but instead leads to 
entanglement of the surfactant molecules (Chen and Israelachvili, 1992; Yoshizawa et al., 
1993).     
The frictional behavior of self-assembled monolayers on particulate materials 
follows complex interactions according to the packing density and the functional groups 
that are interacting. Molecular dynamics simulations  the behavior of C18 alkyl chains 
have revealed that the density of packing has a significant influence on the frictional 
behavior, with tightly packed monolayers exhibiting significantly lower friction than 
monolayers that are loosely packed (Lee et al., 2000; Mikulski and Harrison, 2001). In 
loosely packed systems, the sliding causes bond-length fluctuations that cause more 
energy dissipation (and hence, higher friction) than observed in densely packed systems, 
where the tightly packed chains are more constrained with respect to movement 
(Mikulski and Harrison, 2001); surfactant monolayers can exhibit three different phase 
states as a function of packing density: solid-like, amorphous, and liquid (Yoshizawa et 
al., 1993).  
Although many properties of organobentonites have be n studied, such as 




strength of organoclays. Burns et al. (2006) carried out direct shear tests on bentonite that 
had been exchanged with hexadecyltrimethlyammonium (HDTMA) and 
benzyltriethylammonium (BTEA) cations, where surface coverage of the organic cation 
varied from 50% cation exchange capacity (CEC) exchanged to 100% CEC exchanged. 
The measured direct shear peak friction angle decreased as the surface coverage of 
HDTMA was increased, as would be expected for a shift from solid/amorphous behavior 
to amorphous/liquid behavior as the monolayer coverag  was increased (Burns et al. 
2006). However, BTEA clay showed an increase in strength as the total organic carbon 
content was increased. It was hypothesized that the degree of disorder in the packing of 
the benzene ring, in addition to a component of chemical adhesion, was responsible for 
the increase in measured strength for the BTEA clays. In addition, literature values have 
reported a measured a direct shear friction angle of 34o for trimenthylammonium (TMA) 
bentonite exchanged at 85% of CEC (Soule and Burns, 2001).  
Xiao et al. (1996) found that the friction between a Si3N4 atomic force microscopy 
tip and mica substrates coated with alkylsilanes [Me3Si(CH2)nCH3] decreased about 1 
order of magnitude as the carbon chain length increased from 3 or 6 to 18 (Xiao et al., 
1996). In contrast, when the chain length was 3 or 6, the friction was higher than that of 
uncoated mica. Xiao et al. (1995) attributed van der Waals attractions to the stabilization 
of long carbon chains to form more compact and rigid layers, so that long chains acted as 
much better lubricants. The frictional behavior of monolayers with short chains, on the 
other hand, was dominated by the increased number of energy dissipation modes 





Naturally Occurring Organic Soils 
Although organic soils are typically regarded as highly compressible materials 
with low frictional strength (Terzaghi, 1996), in many cases, high effective stress friction 
angles of organic soils, ranging from 25° – 90°, have been reported (den Haan et al., 1995; 
Hight et al., 1992), with additional detailed summaries (Cheng et al., 2007; den Haan et 
al., 1995). Cheng et al. (2007) studied the cause of the high friction angle of Dutch OVP 
organic soils with computed X-ray tomography and electron microscopy. They found that 
the high friction angles may be attributed to the dense subhorizontal laminae, which 
contained angular and platy particles of medium silt ize, as well as the lens-like 
structures outside the dense laminae. Hight et al. (1992) measured a friction angle of 34o 
for Bothkennar clay, which contains a relatively high organic content of 2 – 4 %; 
however, the high strength was attributed to the dominant angular silt fraction. 
Additionally, diatoms, residual plant fabrics, and micro-fibers have also been considered 
to be the causes of high friction angles (Cheng et al., 2007).  
Peat, a general category of soil characterized by high organic contents, has also 
been reported with friction angles of 49 – 53o, which were measured for two Italian peats 
(Cola and Cortellazzo, 2005); the authors attributed the high friction angle to the fabric of 
the soil. Furthermore, it is also well documented that the undrained strength ratios of 
organic clays are higher than those of inorganic clays (Jamiolkowski et al., 1985; 
Leroueil et al., 1990).  
This study details the results of an experimental ivestigation designed to measure 
the shear strength of seven organically modified clays. Five different quaternary 




of increasing the cation size through equal branching at all four quaternary positions, 
versus increasing the cation tail length effect, through increasing the cation size at only 
one quaternary position. Additionally, the effect of cation loading was also studied by 
synthesizing clays at cation exchange percentages of 30%, 60%, and 100%.  
Materials and Experimental Methods 
Wyoming bentonite (CG-50, CETCO), composed primarily of sodium 
montmorillonite, was the base clay for the study and was used as received. The natural-
organic carbon content of the material was 0.2% (Huffman Laboratories, Inc., Golden, 
CO), and its cation exchange capacity (CEC) was 69.1 meq/100g (Hazen Research Inc., 
Golden, CO). Five quaternary ammonium cations were chosen for study: 
tetramethylammonium (TMA, denoted: 4 C1) chloride [(CH3)4NCl], tetraethylammonium 
(TEA, denoted: 4 C2) bromide [(CH2CH3)4NBr], tetrabutylammonium (TBA, denoted: 4 
C4) bromide [((CH2)3(CH3))4NBr], decyltrimethylammonium (DTMA, denoted: 1 C10) 
bromide [(CH3)3NC10H21Br], and hexadecyltrimethylammonium (HDTMA, denoted: 1 
C16) bromide [(CH3)3NC16H33Br] (Figure 2-1). All cations were obtained from Fisher 
Scientific, and were used as received. The water usd in all experimentation was 
deionized (Barnstead E-pure).  
The organobentonites were synthesized using the method described in Chapter 2. 
After cation exchange was completed, the slurry wascarefully poured into a stainless 
steel slurry consolidometer, taking care to avoid entrapment of air. The dimensions of the 
consolidometer were 10.2 cm (4 inch) in diameter and 45.7 cm (18 inch) in height. Axial 
load was placed on the slurry in increments of 3.5,7, 14, 28, 56, and 100 kPa, until 




Geotac load trac systems (Geotac, Texas, USA). Once the ultimate preloading stress was 
achieved, the slurry was unloaded by the same increments, in the reverse order. 
Depending on the type of organobentonite, the duration of each load step ranged from 1 
day up to 3 weeks, to ensure 100% completion of primary consolidation. P5 filter paper 
(Fisher Scientific) and a nonwoven geotextile were placed on top and bottom of the 
samples to facilitate drainage. To maintain the ionic strength of the pore fluid during 
slurry consolidation, a 0.001M NaCl solution was used to maintain saturation. After the 
slurry consolidated, the samples were extruded from the consolidation tube, and the 
specimen was divided into 3 parts for strength testing. Samples were trimmed with a soil 
lathe and wire saw into 3.6 cm (1.4 inch) diameter and 7.6 cm (3 inch) height samples. 
The final water contents of the slurry consolidated samples ranged between 136% and 
228%. The measured total organic carbon content in each organoclay agreed well with 
the calculated values of sorbed carbon (Figure 2-2). 
Isotropically consolidated undrained triaxial compression tests were performed 
using Geotac load trac systems (Geotac, Texas, USA). All shear tests were strain rate 
controlled tests and were performed in accordance with ASTM D4767-04. Based on the 
time-deformation readings recorded during slurry consolidation, a strain-rate of 0.5 %/hr 
was selected for testing. Samples were sheared at effec ive confining pressures of 50 kPa, 
100 kPa, and 200 kPa, with a backpressure of 140 kPa during shear, and all samples 
recorded a minimum B-value of 0.95 before shearing. Corrections for cross-section area 
change, membrane stiffness, and friction between loading rod and bushing were 
accounted for in calculating the stresses from the measurements. The corrected heights 




deformation of a right circular cylinder. The inflow and outflow fluids used in sample 
compression and shear tests were 0.001M NaCl solution in order to maintain a 
background ionic strength for the clay surface and the bulk solution. To prevent corrosion 
within the panel controls, the salt solution was isolated from the de-aired (Nold deaerator) 
water by two P620000 bladder accumulators (Trautwein Soil Testing Equipment, 
Houston, Texas, USA). Water contents of the samples at the end of slurry consolidation 
and post shear are given in (Table 5-1). 























30% 164 144 121 105 
60% 162 141 122 101 
100% 184 172 152 126 
TEA, 4C2 100% 156 136 120 92 
TBA, 4C4 100% 136 131 107 82 
DTMA, 1C10 100% 228 206 190 146 
HDTMA, 1C16 100% 148 147 116 99 
*(Nominal 100 kPa) 
Results 
 The results of the strength tests were analyzed according to changes in four 
different variables: 1) increasing the cation loading through an increase in the percent of 




ammonium branch sizes simultaneously, 3) increasing the length of one branch on the 
quaternary ammonium center, and 4) increasing the total organic content of the 
organoclay samples.  
Increasing the cation loading on the mineral surface 
 Results of the CU triaxial tests performed on clays with 30%, 60% and 100% of 
their inorganic cations exchanged with the organic TMA (4C1) cations displayed peak 
behavior with positive pore water pressure generation in all cases (Figure 5-1 through 
Figure 5-3). The pronounced peak behavior was present despite the relatively low levels 
of overconsolidation (OCR = 1 or 2) to which the specimens were subjected during 
consolidation and preparation. More interestingly, while the samples exhibited peak 
behavior, there was no recorded tendency toward dilation, as no negative pore water 
pressures were recorded. Increasing the exchanged percentage of organic ions onto the 
clay surface resulted in critical state friction angles that ranged from 26° to 34°, with the 
maximum friction angle occurring at 60TMA. For all c ays tested, substantial differences 
were recorded between the peak friction angle and the critical state friction angle, and a 







Figure 5-1. CU triaxial strength test results for 30% TMA: a) stress-strain diagrams; 

























































Figure 5-2. CU triaxial strength test results for 60% TMA: a) stress-strain diagrams; 


























































Figure 5-3. CU triaxial strength test results for 100% TMA: a) stress-strain 
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Figure 5-4. q-p’ diagrams for TMA clay: a) 30% TMA;  b) 60% TMA; c) 100% 
TMA. 
 
Increasing the size of cation on mineral surface 
Results of the CU triaxial tests performed on clays that were synthesized by 
increasing the chain length on all four branches of the quaternary ammonium position 
also illustrated peak behavior with positive pore water pressure generation in all cases 
(Figure 5-3, Figure 5-5 and Figure 5-6). Comparing the data gathered for cations that had 
1, 2, and 4 carbon chains in each of the four branches (4C1, 4C2, and 4C4) resulted in 
increased critical state friction angle as the size of the cation was increased (Table 5-2 
and Figure 5-7). The increase in friction angle that w s measured as the branch size was 
increased was most significant between TMA (4C1) and TEA (4C2), with an increase 
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minor in comparison (40.7° to 41.1°) (Table 5-2). Critical state cohesion was also 
observed for the TEA and TBA cations, in the ranges of 17-19 kPa. 
Increasing the tail length in one quaternary position 
 Increasing the length of the carbon tail produced pronounced peak behavior with 
positive pore water pressure, and resulted in the highest observed critical state friction 
angles in the study, with angles of 44.8° and 53.5° observed for DTMA and HDTMA, 
respectively (Figure 5-3, Figure 5-8 through Figure 5-10). DTMA also had the highest 
water content for the soils tested (Table 5-1). Cohesion intercepts of approximately 17 
kPa were observed for DTMA and HDTMA. 

















30% 31.5 21.06 0.9995 26.3 27.27 0.9995 
60% 34.8 18.85 0.9957 33.9 17.08 0.9963 
100% 44.0 18.91 1.0000 30.4 30.02 0.9905 
TEA, 4C2 100% 59.0 8.95 0.9946 40.7 16.75 0.9881 
TBA, 4C4 100% 49.6 16.48 0.9854 41.1 19.29 0.9648 
DTMA, 1C10 100% 59.2 29.96 0.9909 44.8 21.15 0.9933 







Figure 5-5. CU triaxial strength test results for 100% TEA: a) stress-strain 


























































Figure 5-6. CU triaxial strength test results for 100% TBA: a) stress-strain 
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Figure 5-8. CU triaxial strength test results for 100% DTMA: a) stress-strain 


























































Figure 5-9. CU triaxial strength test results for 100% HDTMA: a) stress-strain 
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Normal consolidation line and critical state line 
In addition, the normal consolidation line (NCL) and critical state line (CSL) of 
organobentonites in log p’-e space were plotted in F gure 5-11. Void ratios of 
organobentonites at different effective confining pressures formed linear normal 
consolidation lines for most of the organobentonites. Volume properties of different 
organobentonites were shown to be quite different even at the same confining pressure. 
Critical state lines were also linear for most of the organobentonites, which was in 
agreement with the critical state soil mechanics theory.  
Increasing total organic carbon content 
In all cases, increasing the organic cation loading o  the mineral surface resulted 
in an increase in the effective stress friction angle (Table 5-2, Figure 5-12), with 
measured critical state friction angles for the nine organoclays tested ranging from 26o to 
54o. The presence of the organic cation contributed to a strength mechanism that was 
substantially more significant than that observed for clays with inorganic cations (e.g., 
Na+ or Ca2+), where literature values reported for angles of internal friction of calcium 
and sodium montmorillonite are typically less than 20o (Mesri and Olson, 1970). Most 
importantly, the friction angle increased as the total rganic carbon sorbed to the mineral 
surface was increased, a trend which held true for cases of increasing cation size (all four 




















































Figure 5-12. Effective stress friction angle for tested organoclays as a function of 
measured total organic carbon. 
 
The following general conclusions can be drawn regarding the stress strain 
behavior of the organoclays: 1) All clays tested exhibited peak strength, even though the 
samples were normally or lightly over-consolidated. Also noted was that the peak was 
reached faster (i.e., at smaller strains) at low effective confining pressures than at high 
effective confining pressures; 2) The tests were peformed to a minimum of 20% strain so 
that all tests reached a plateau state in both strength and pore water pressure at large 
strains (typically larger than 20%) after a peak deviatoric strength. This plateau state was 
considered to be at or approximate to the critical st te of the soil, and the critical state 
friction angle was determined accordingly; 3) Positive pore water pressure was generated 































strength in most of the clays, except for 30% and 60% TMA-bentonites; 4) The 
predominant mode of failure in the testing program was shear banding, with displacement 
along the failure surface; 5) Also notable was the pr sence of an intercept in the q-p' 
diagrams. In all cases, the q-p' diagram had an intercept on the y-axis, indicating either: 
critical state was not achieved at the strains tested, or bonding between the organic 
molecules recovered during prolonged shear. 
Discussion 
In all cases, the peak and critical state friction angles measured for the organic 
exchanged clays were higher than the friction angle of 16° reported for unmodified 
montmorillonite in similar effective confining pressure range (Mesri and Olson, 1970). 
Exchanging organics on to the surface of the clay mineral resulted in alteration of 
multiple strength mechanisms on the clay surface, including reduction in the water 
content, alteration of the interfacial electrostatic regime between the clay particles, and 
physical interaction of the organic molecules that were exchanged onto the clay surface.  
 It is well known that natural montmorillonite is prone to swelling when soaked in 
aqueous solutions, due to its relatively high surface charge and the polar nature of water. 
At typical values of groundwater pH, the particles are negatively charged, and repel each 
other due to the coulomb electrical force developed in aqueous solutions. The repulsive 
force is so dominant that the water content of a mont rillonite slurry can easily exceed 
1000%. In cases where the pore fluid has a low ionic strength, the thickness of the diffuse 
electrical double layer of bentonite plates will be large, but will compress as the ionic 
strength of the pore fluid is increased. Exchange of organic cations into the interlayer 




Unlike inorganic cations, the organic cations have n uncharged hydrophobic component 
in addition to the region of positive charge, which s centered on the ammonium head 
group. The concentration of carbon and hydrogen atoms results in a hydrophobic driving 
force that leads to preferential attraction to the particle surface, when compared to 
inorganic cations, due to hydrophobic expulsion from water. This phenomenon is clearly 
reflected in the measured values of zeta potential, which yielded a less negative zeta 
potential as the organic content was increased, indicating that more of the positive charge 
was bound within the shear plane of the particle (Bate and Burns, 2010). Comparison 
with the measured data from the zeta potential test are useful as zeta potential is a 
measure of the colloidal stability of a suspension, with a zeta potential close to zero 
indicating a high tendency to coagulation, and a zet potential diverging from zero (either 
positive of negative), indicating a tendency of particles to remain in suspension; 
consequently, zeta potential can be used as a surrogate for the repulsion between the 
particles. Ultimately, the strong attraction of the organic cations to the particle surfaces 
resulted in an interlayer organic matter phase, which reduced the sorbed water in the 
interlayer of the particle. This reduction was clearly reflected in the water contents of the 
organoclays which were measured after slurry consolidation at 100 kPa, ranging from 
136% to 228%. While these water contents were relativ y higher than a natural soil, they 
were much lower than would be observed for a pure unmodified montmorillonite sample 
prepared using equivalent methods. While the decreased water content can be used in part 
to explain the higher strength measured for organocl ys than that for unmodified 
montmorillonite, it is important to note that there was no correlation between the final 





Figure 5-13. Comparison of strength behavior as the density of organic coating was 
increased for 30% TMA, 60% TMA, and 100% TMA: a) Effective stress friction 
angle as a function of percent exchanged cations. Data for montmorillonite from 
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Figure 5-14. Comparison of strength behavior as the branch size of the organic 
cation was increased for 100% TMA, 100% TEA, and 10% TBA: a) Effective 
stress friction angle as a function of increasing branch size. Data for 
montmorillonite from Mesri and Olson (1970); b) Deviatoric stress as a function of 
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Figure 5-15. Comparison of strength behavior as the tail length of the organic cation 
was increased for 100% TMA, 100% DTMA, and 100% HDTMA: a) Effective 
stress friction angle as a function of increasing tail length. Data for montmorillonite 
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 In addition to the lowered water content, the presence of the organic cations on 
the mineral surfaces resulted in a more effective shi lding of the charge on the particle 
surface. The organic cations were anchored to the particle surfaces, with relatively little 
mobility (Bate and Burns, 2010), and resulted in less negative net surface charge. 
Measurement of the zeta potential indicated that the structure of the organic cation was 
important to the magnitude of the neutralization, with one long chain organic cations 
(DTMA and HDTMA) more effectively countering the negative surface charge of the 
particle, when compared to the cations with increased carbon atoms in each of the four 
chains (TEA and TBA) (Bate and Burns, 2010).  
 Additionally, the arrangement of the organic cations on the particle surface will 
also contribute to the measured friction. The size of the organic cations was much larger 
than the inorganic cations, and yet the measured basal spacing for the modified clays 
increased only on the order of 50%. Molecular dynamics simulations have suggested that 
on the particle level, the chains of the organic cations are entangled, leading to a 
contribution to the friction interaction at the particle surface. Depending on the loading 
level of the organic cation, the cations will arrange in single, bi layer, or paraffin structure, 
and the cations will interact laterally through hydrophobic mechanisms. 
 Conceptually, the previously described mechanisms will contribute to the 
measured frictional strength in different relative proportions, depending on the 
concentration and structure of the organic present on the clay surface. The critical state 
strength measured for TMA modified clay ranged between 26° and 34° degrees, with the 
maximum strength recorded at 60% CEC (Figure 5-13). The zeta potential data illustrated 




increased exchange percentage for TMA. While the zeta potential measured for 
30%TMA, 60%TMA, and 100%TMA was higher than that measured for unmodified 
montmorillonite (~ -41mV), it was relatively constan  with organic content, (~ -32 mV). 
Essentially, a relatively small and constant number of organic cations were retained 
within the shear plane of TMA clay, even as the organic loading was increased, resulting 
in cation interactions on the particle surface that did not change significantly with 
increasing organic carbon content, as was reflected in both the CS friction angle and the 
zeta potential. 
Increasing the branch size of the exchanged organic cations (TMA to TEA to 
TBA), resulted in an increase in the critical state friction angle of approximately 10° as 
the cation was changed from TMA to TEA, but no substantial change as the cation size 
was increased to TBA (Figure 5-14). Again, measured z ta potential showed a less 
negative value as the total organic carbon was increased (TMA to TEA to TBA), or as the 
branch size of each of the four quaternary ammonium chain was increased. However, CS 
friction angle did not reflect as significant an increase in the transition from TEA to TBA, 
as was observed in the zeta potential measurements. 
Finally, increasing the length of one chain on the quaternary ammonium cation 
resulted in a significant increase in the critical state friction angle for DTMA (45°) and 
HDTMA (53°), as compared with TMA (30°) (Figure 5-1). For the long chain organic 
cations, the interparticle repulsion was at its lowest point (least negative zeta potential), 





This study investigated the stress-strain behavior of TMA quaternary ammonium 
cations exchanged bentonite at 30%, 60%, and 100%, and TEA, TBA, DTMA, and 
HDTMA quaternary ammonium cations exchanged bentonite at 100% of the clay's CEC 
using consolidated undrained triaxial tests. It was found that: (1) quaternary ammonium 
cation modified bentonites had higher shear strength than the unmodified bentonite; (2) 
as the TMA cation loading was increased, the critical state effective friction angle 
increased; (3) normally to lightly-overconsolidated modified organoclays displayed peak 
behavior in the stress-strain curves, coupled with positive pore water pressures 
throughout the duration of shearing; (4) as the siz, i.e. the carbon number on all four 
branches of QACs, was increased, the friction angle increased; and (5) as the length of a 
carbon chain was increased to 10 (DTMA, 1C10), the friction angle increased; however, 





Chapter 6  Dynamic Properties of Organobentonites 
Introduction 
The dynamic response of soils is an important engineer g property, especially for 
soils with high organic contents because these soils often underlay critical support 
structures such as highway bridges or levees. Consequently, the initial tangent shear 
modulus (Gmax), secant shear modulus ratio (G/Gmax), and damping ratio (D) are 
important parameters in evaluating the dynamic soilbehavior for soils subjected to 
earthquake, wind, waves, traffic, and equipment vibrat on.  
Even at very low levels of strain, soil is a nonlinear and inelastic material 
(Santamarina et al., 2001); at very small strain, the soil stiffness (or the shear modulus) is 
maximum and is known as the initial tangent shear modulus, Gmax. Gmax has been 
extensively studied for a variety of soils, and the primary influencing soil parameters are 
void ratio, overconsolidation ratio (OCR), plasticity ndex, and confining stress (Dobry 
and Vucetic, 1987; Li et al., 1993). Assuming all other conditions are equal, Gmax 
increases with confining stress, OCR, and strain rate, and is inversely related to void ratio 
and the number of loading cycles (Dobry and Vucetic, 1987).  
Under repeated dynamic loading, the stiffness or shear modulus of a soil will 
decrease, and it is common practice to use the secant shear modulus, G, to characterize 
the modulus reduction. The ratio of secant shear modulus to initial tangent shear modulus, 
G/Gmax, is widely used to quantify the small strain stiffness of geomaterials. The shape of 
G/Gmax curve, or shear modulus reduction curve, can depend o  plasticity index, 




cementation (Dobry and Vucetic 1987), with plasticity index being a primary factor 
(Vucetic and Dobry, 1991). The inelastic behavior of s il can also be measured by the 
equivalent damping ratio, D, which is a measure of the hysteretic dissipation of energy. 
Assuming other conditions are equal, damping ratio w ll increase as cyclic strain is 
increased, and as confining stress, void ratio, and plasticity index are decreased.  
The small strain dynamic soil response can be separated by two threshold cyclic 
shear strains (Vucetic, 1994). The linear cyclic thres old shear strain ltγ  corresponds to 
the onset of shear modulus reduction, and therefore separates linear and non-linear 
responses. In the very small strain region, ltγγ ≤ , the response is linear but inelastic since 
energy dissipation is observed (Kramer, 1996; Lo Presti et al., 1997). Linear cyclic 
threshold shear strains for medium plasticity, fine-grained soils is on the order of 10-4 (Li 
et al., 1993; Vucetic, 1994), and it has been observed that increasing natural organic 
content increases ltγ  (Kallioglou et al., 2009). The second threshold is the volumetric 
threshold shear strain vtγ , which corresponds to the beginning of irrecoverable volume 
change in drained condition or excess pore-water pressure in undrained conditions. In the 
small strain region, vt
l
t γγγ ≤< , the response is both non-linear and inelastic; however, 
the material properties do not change significantly with increasing shear strain, or with 
increasing number of loading cycles. The volumetric threshold shear strain for normally 
consolidated, highly plasticity clays is on the order of 10-3 (Vucetic and Dobry, 1991). 
Microscopically, vtγ corresponded to the sliding of the particle contacts and permanent 
particle reorientation (Kramer, 1996). At intermediate strain region, γγ <vt , irrecoverable 




with both cyclic shear strain and the number of loadings. Both ltγ and 
v
tγ are stress/strain-
path and mean effective confining stress dependent. Increasing confining stress leads to 
increasing both ltγ and 
v
tγ  (Ishihara, 1996).  
In recent years, an increasing amount of attention has been given to organic soils. 
The magnitude of Gmax for clay type geomaterials varied from 1 kPa for Na-
montmorillonite slurry to 10,000 MPa for intact shale (Santagata, 2008). While the 
magnitude of Gmax for organic-containing cohesive soils was in the range from 1 to 100 
MPa. The organic compounds were in the form of highly fibrous, semidecomposed, or 
amorphous. It was reported that organic content will decrease the initial tangent shear 
modulus (Kallioglou et al., 2009; Kishida et al., 2009).  
Several fundamental studies on the dynamic response f ither peat or high 
organic content soils include soil beneath a levee in the Sacramento-San Joaquin Delta in 
California (Boulanger et al., 1998; Wehling et al., 2003), from the undeveloped Mercer 
Slough in Bellevue, Washington (Kramer, 2000), from Union Bay in Seattle, Washington 
(Seed and Idriss, 1970), and from the Queensboro Bridge in New York (Stokoe et al., 
1994). For the sake of simplicity, the soils investigated in these studies will be referred to 
as peat, even though in some cases, it may be more technically correct to refer to them as 
high organic. In examination of earthquake motions recorded at Union Bay in Seattle, 
Seed and Idriss (Seed and Idriss, 1970) estimated damping ratios for peat that were 
approximately three times larger than the damping ratios for the clay at the site, and were 
also more nonlinear than the damping ratios for the clays at the site. Resonant column 
experiments on the peat specimens from the Queensboro Bridge reported that for the 




ranging from 7 kPa to 303 kPa), the peat exhibited essentially linear behavior with low 
damping (Stokoe et al., 1994). Resonant column tests on the Mercer Slough peat 
presented significant nonlinearity at low consolidation stresses, which decreased as the 
confining pressure was increased (Kramer, 2000). Cyclic triaxial tests on a peat from the 
Sherman Island levee illustrated that the normalized secant shear modulus and equivalent 
damping ratio versus cyclic shear strain amplitude were a function of the consolidation 
stress up to a critical value, demonstrating increasing linearity up to approximately 40 
kPa (Boulanger et al., 1998; Wehling et al., 2003). 
In this chapter, these dynamic properties of organobe tonites were quantified 
experimentally using resonant column and bender elem nt tests. The results from this 
study were evaluated in terms of the effect of shear str in, organic content, void ratio, and 
plasticity index. The organobentonites tested in ths study were formed with an organic 
phase that was controlled in terms of structure and density of loading. While a degree of 
representativeness is sacrificed in the creation of a controlled organic phase on the soil 
surface, it was advantageous because it facilitated  controlled study of the effect of the 
structure and density of organic loading on the dynamic behavior of the soil. 
Materials and Methods 
Organobentonite specimens were prepared by 1-D slurry consolidation method, as 
described in Chapter 2. In summary, organobentonite slurry was incrementally loaded in 
a consolidation cell of 10.2 cm (4 in) in diameter and 45.7 cm (18 in) in height. Filter 
paper (P5, Fisher Scientific) and a geotextile were us d to provide drainage from the top 
and the bottom of the cell, and the vertical load was applied to the slurry using a Load 




following sequence: 3.5, 7, 14, 28, 50, 100, 50, 2814, 7, and 3.5 kPa, while 
deformations were recorded by the accompanying software Sigma-ICON (Geotac, Texas, 
USA). After end of primary consolidation of each loading step, the next loading step was 
applied. Six organobentonites were prepared for testing in both the resonant column and 
with bender elements: 100TMA, 100TEA, 100TBA, 100DTMA, 60HDTMA, and 
100HDTMA, which were chosen to test the effect of increasing cation size, tail length, 
and density of coverage.  After consolidation was completed, the specimens were 
extruded, and trimmed to final heights ranging from 13.2-16.5 cm (5.2 in – 6.5 in), with a 
diameter of 7.1 cm (2.8 in) for the resonant column test, and samples were trimmed to a 
diameter of 10.25 cm (4 in) and height of 6.14 cm (2.4 in) for the bender element tests. 
A Stokoe-type resonant column test device used in this study was described in 
detail by (Meng, 2003) and (Valdes, 1999) (Figure 6-1). A brief summary of the setup is 
given below. The RC testing device composed of fourmajor parts, i.e. the drive system, 
the motion detection device, the pressure chamber, and the vibration reduction platform 
(Figure 6-1). A cylindrical soil specimen was mounted on the base pedestal of the 
chamber, and the top cap was placed on top of the soil sample. The bottom of the 
specimen was assumed to be fixed, and the cap was a free-end. Both the base pedestal 
and the cap were corrugated, forming non-slip interfaces. A membrane and o-rings were 
used to seal the specimen. A drive plate (spider) with four arms was bolted to the top cap. 
At the end of each arm was a magnet, which was excited by the solenoids placed around 
it. Input signal to the solenoid was generated by the source channel of a Hewlett Packard 
3562A dynamic signal analyzer and passed through a voltage-to-current converter. 




reducing equipment-generated damping by over three o d rs of magnitude compared to a 
conventional voltage-mode source (Meng, 2003). A Columbia Research Model 3026 
accelerometer was placed on one arm of the spider to detect the motion, and a counter 
weight was placed on the arm on the opposing side. Model 4102M charge amplifier was 
used for the accelerometer. The specimen and the driv  and detect systems were enclosed 
in the air-tight pressure chamcber. Additionally, a pressure chamber was placed on the 
Nano-KTM “BISCUIT” vibration isolator platform (Model No. 150BM-1, Minus K 
technology, Inc. Inglewood, CA) to minimize the vibrations caused by ambient noise. 
After placement of the sample, an isotropic air pressure of 50 kPa was applied to the 
specimen, and a minimum time of 24 hours was allowed for consolidation of the 
specimen. 
Torsional excitations with frequencies ranging from 30 Hz to 100 Hz were 
applied to the soil specimen, and the response of the soil column was recorded by the 
accelerometer. Resonant (or maximum response) frequency (fr) was achieved within the 
applied range, typically within 20 – 65 Hz for the organobentonites tested in this study. 
The shear modulus and damping ratio were determined from the resonant response of the 
specimen. One dimensional wave propagation theory of torsional waves in an infinitely 













=   Equation 6-1 
where J is the mass polar moment of inertia of the specimen, 2
2
1
mRJ = , m and R are the 
mass and radius of the cylinder; J0 is the mass polar moment of inertia of the drive 
system, J0 = 0.003445758 kg.m




shear wave velocity, and rr fπω 2=  is the resonant circular frequency of the specimen 
and the drive system. By solving implicitly Equation 6-1, the shear wave velocity was 
calculated, and the shear modulus was then calculated by: 
2
sVG ρ=   Equation 6-2 
where ρ is the mass density of the specimen. 





12 −=   Equation 6-3 
where f1, and f2 are frequencies at the half-power points where max707.0 γγ = . 
For a solid cylindrical specimen, shear strain varied along the radial direction. An 
equivalent shear strain, eqγ , was convenient in representing the magnitude of the strain. 
Equivalent shear strain can be expressed as: 
l
reqeq
maxθγ =   Equation 6-4 
where maxθ is the maximum rotation angle at the top of the specim n, req = 0.79 r0 is the 
average motion radius, and r0 is the radius of the specimen (Chen and Stokoe, 1979). The 
acceleration at the top perimeter of the specimen ca  be determined from measured 




a 0max =θ&&   Equation 6-5 
where apk is the output of the accelerometer and ra is the accelerometer motion radius. 








=   Equation 6-6 
By substituting Equation 6-6 into Equation 6-4, the equivalent shear strain can be 
calculated. 
 





Bender element tests were performed in a modified oedometer cell, similar to that 
developed by (Lee and Santamarina, 2005), which was used to measure shear wave 
velocities across the organobentonite samples. Cell dimensions were 102.5 mm (4 in) in 
diameter and 80.3 mm (3.2 in) in height. BE dimensio  were 10 mm (0.4 in) in length, 7 
mm (0.28 in) in width, and 0.6 mm (0.02 in) in thickness, with extrusion length of 4 mm 
(0.16 in) from the cell. Parallel-type BE were used to minimize electronic coupling 
between source and receiver. The BE were coated with polyurethane, electrically 
shielded with conductive paint, grounded, anchored into nylon set screws, and connected 
to coaxial cables. Additional equipment included an Agilent 33210A Function/Arbitrary 
Wave Form Generator, a Filter/Signal Conditioner, and an Agilent DSO5014A 
oscilloscope. 
Samples used in the bender element testing were prepared using the same one 
dimensional slurry consolidation procedure as used in the resonant column tests. The 
samples were trimmed and placed in the cell, and beer elements were installed on top 
and bottom of the soil samples. The soil sample was reconsolidation to a vertical stress of 
100 kPa with a load increment ratio of 1, and the bender element test was performed after 
reconsolidation was completed.  
Because increasing effective confining stress leads to larger soil stiffness, similar 
effective confining pressure should be selected for evaluation between the results of 
bender element and resonant column tests. The stress normal to the plane of particle 
movement and shear wave propagation had negligible effect on shear modulus (Ni, 1987); 
consequently, the mean effective stress was calculated by: 
( )kPaK vvm 2
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where K0 is coefficient of lateral pressure and kPav 100'=σ . Assuming (Jaky, 1944): 
'sin10 φ−=K   Equation 6-8 
where 'φ  is the effective friction angle, yielded 'mσ  between 57 to 77 kPa, assuming 'φ  
= 27o to 59o (Table 6-1). Consequently, the resulting stress condition was similar for both 
testing scenarios.  
In addition to the bender element and resonant column tests, results were 
compared to the secant shear modulus determined from undrained triaxial shear strength 
tests (Chapter 5), which were converted to G/Gmax curves using Gmax from the resonant 
column results. Two factors were considered when shear modulus results from triaxial 
tests and from resonant column tests were evaluated together: number of cycles, and 
loading rate. One factor was the number of cycles, N, at each strain level: N was one for 
triaxial tests, and five for resonant column tests. (Kim, 1991) and (Lo Presti et al., 1997) 
found that N had negligible influence on the modulus reduction curve until the strain 
became larger than the linear threshold strain. Given the small number of cycles for 
resonant column test (5), it is believed that the eff ct of number of cycles was minimal in 
this study. In terms of the loading rate used in the tests, the loading rate for triaxial tests 
was 0.5%/hr. Lo Presti et al. (1997) proposed an equation to calculate the strain rate of 
resonant column test: 
)/(%4 sf××= γγ&  Equation 6-9 
where γ  is single amplitude strain (unit %, ranging from 2× 10-5% - 0.24%), and f is 
resonant frequency for RC tests (unit Hz, ranging from 20Hz – 65 Hz). Eq. 6.7 yielded 
strain rate value ranging from 20 – 70000 %/hr. Lo Presti et al. (1997) found that for clay 




However, from their data, it was observed that below small strain level (~ 0.1%) the 
strain rate effect was not significant, and the coeffici nt of strain rate was less than 0.08%. 
In addition, Kim (1991) reported that the loading rate effect seemed to have no effect on 
secant modulus. The data in this study, such as thoe of 100TMA, 100TEA, and 
30HDTMA bentonite, also presented a certain level of c nsistency between RC and 
triaxial tests. Therefore the results from resonant column tests were comparable to that 
from triaxial shear tests for most of the strain rage (< 0.1%), if not the whole range. 
Results and Discussions 
 Initial tangent shear modulus Gmax 
Resonant column test results of the measured values of the initial tangent shear 
modulus (Gmax) for the seven tested organobentonites found that as he length of the 
single C-chain on one quaternary position increased (4C1 (TMA) to 1C10 (DTMA) to 
1C16 (HDTMA)) and as the size of the organic cation was increased (4C1 (TMA) to 4C2 
(TEA) to and 4C4 (TBA)), Gmax increased (Table 6-1 and Figure 6-2). As shown in the 
zeta potential study (Chapter 4), increasing either  single C-chain length or the size of 
the organic cation sorbed to the bentonite surface decreased the net surface charge on the 
bentonite particles. Consequently, the repulsive force between bentonite particles 
decreased, allowing closer approach of particles and decreased void ratio with increasing 
organic carbon content, as the organobentonite slurry was formed. Given the same small 
strain, the increased contacts in the denser soils resulted in an increase in stiffness of the 
organobentonites (Figure 6-3), which is consistent with results in the literature, i.e. higher 




of cation structure and organic carbon content, it is found that increasing a single C-chain 
length resulted in increased stiffness of organobentonites (e.g. TBA and DTMA have 
similar values of total organic carbon and stiffness, yet the void ratio of DTMA is almost 
twice that of TBA). On the other hand, 100% TBA bentonite and 100% HDTMA 
bentonite have similar void ratio. However the Gmax of 100% HDTMA bentonite is much 
higher than that of 100% TBA bentonite (Figure 6-3). It is believed that the hydrophobic 
lateral interaction among the long tails of the organic cations on the clay surface 
contribute to the enhanced stiffness of organobentonites. 
Table 6-1. Dynamic Properties of Tested Organobentonites 










100% TMA 5.4 4.4 58 5.1 61 
100% DTMA 5.1 10.7 94 11.3 95 
100% HDTMA 2.7 29.3 154 28.5 152 
100% TEA 3.0 10.7 91 8.9 83 
100% TBA 2.7 12.8 100 21.5 127 
30% HDTMA 4.2 11.8 97 -- -- 





Figure 6-2. Initial tangent shear modulus vs. organic carbon content. 
 





0 2 4 6 8 10 12 14 16


































































Another notable trend revealed that increasing the amount of HDTMA loading 
from 30% to 60% to 100% of the CEC of bentonite result d in an increase of Gmax which 
was almost linear as a function of either void ratio or organic carbon content. The 
addition of increasing mass of HDTMA cations on theparticle surfaces results in cation 
arrangement that transitions from scattered distribution to more orderly monolayer 
arrangement of the cation tails on the particle surfaces (Zhang and Somasundaran, 2006). 
Typically, the organic cations tend to aggregate in clumps on the particle surface, which 
results in areas of high hydrophobicity mixed with hydrophilic charged portions of the 
particle surfaces. Because increasing the portions of the particles surfaces that were 
covered by the organic resulted in an almost linear inverse relationship between total 
organic carbon content and void ratio, the stiffness increased as the total organic carbon 
content increased. Simulation from molecular dynamics indicated that the head group of 
HDTMA cation was about one 3.5 angstrom away in distance from the clay surface (Liu 
et al., 2009).  
In terms of the plasticity index, the value of Gmax measured for the 
organobentonites did not show a clear trend (Figure 6-4). This agreed with the conclusion 
of Dobry and Vucetic (1987) which stated that the initial tangent shear modulus did not 
change with the plasticity index for normally consolidated soils, as were tested in this 
study; however, dependence of Gmax on plasticity index was important for 
overconsolidated soils.  
In addition to the data measured in the resonant column tests, the initial tangent 
shear modulus and shear wave velocity were also determined from bender element tests 




of 100TBA organobentonite, which appeared uncharacte istically high in the bender 
element measurements. The strain level of the bender element test was approximately 10-
3 z% (Dyvik and Madshus, 1985), which was less than the linear threshold strain; 
consequently, the shear modulus from the bender element tests was considered to be the 
initial tangent shear modulus.  
 


































Figure 6-5. (a) Initial tangent shear modulus and (b) shear wave velocity 



































































 Secant shear modulus reduction curves 
Secant shear modulus reduction curves were obtained from resonant column tests 
of organobentonites and the results manifested that G/Gmax decreased as strain increased 
for organobentonites with low organic carbon contents (T.O.C. < 8.5%, including 
100TMA, 100TEA, 30HDTMA, and 100DTMA) (Figure 6-6). All four organobentonites 
with low organic contents illustrated approximately the same linear threshold strain at 
0.024%. The elastic threshold strain for clays is normally approximately 0.01% (Li et al., 
1993), demonstrating that the increased organic content increased the linear strain range 
of organobentonites. For organobentonites with high organic carbon contents (O.C. > 
8.5%, including 100TBA, 60HDTMA, and 100HDTMA), reduction of shear modulus 
was not observed within the strain limit of resonant column device. The strain limit was 
lower for stiffer soils (soils with higher Gmax), when equal amount of voltage excitation 
was applied to the electromagnetic solenoids of the resonant column device. Linear 
threshold strain for those high organic content organobentonites is expected to be larger 
than 0.024%.  
The shear modulus reduction curves for 100TMA, 100TEA, 100DTMA, and 
30HDTMA (low organic content organobentonites) were compared with the curves 
proposed by Vucetic and Dobry (1991) for soils with plasticity indices between 100 and 
200 (Figure 6-6). The plasticity indices of these four soils were between 74 and 184. The 
shapes of shear modulus reduction curves of organobent nites were in reasonable 
agreement with non-organic soils that were summarized by Vucetic and Dobry (1991). It 




reduction curve. The G/Gmax curve of the smallest cation, TMA, comparing to larger 
cation, such as TEA, displayed larger reduction with strain. 
 
Figure 6-6. Secant shear modulus reduction curves for organobentonites. The curves 
were from Vucetic and Dobry (1991) 
 
Secant shear modulus reduction curves with data combined from the resonant 
column and undrained triaxial shear strength tests (from 0.1% to critical state) (Chapter 5) 
are given in Figure 6-7. In contrast to the behavior at intermediate and large strain, 
G/Gmax values were smaller as the organic carbon content increased, whether the increase 
was due to cation size (i.e., TMA, TEA, and TBA), increasing tail length (i.e., TMA, 
DTMA, and HDTMA), or increased surface coverage (i.., 30% HDTMA, 60% HDTMA, 






















modulus increased as shear strain was increased and as total organic carbon was 
increased, regardless of the cation structure and de sity of loading.  
 
Figure 6-7. Combined secant shear modulus reduction curves from resonant column 
and triaxial shear tests for organobentonite with (a) 4 short C-chains QACs, (b) 1 









































Figure 6-7. Combined secant shear modulus reduction curves from resonant 
column and triaxial shear tests for organobentonite with (a) 4 short C-chains 
QACs, (b) 1 long C-chain QACs, and (c) 30%, 60%, and 100% of CEC of 
HDTMA cations exchanged. 
 
 Damping ratio 
Data from the resonant column test also allowed analysis of the damping ratio vs. 
shear strain for the seven organobentonites tested in the study (Figure 6-8). Similarly, the 
organoclays with low total organic carbon content (T.O.C. < 8.5%, including 100TMA, 
100TEA, 30HDTMA, and 100DTMA) possessed significantly different behavior than 
those clays with total organic carbon contents thatwere higher than 8.5% (100TBA, 
60HDTMA, and 100HDTMA). At low strains, the damping ratios of organobentonites 
with low carbon content ranged between 0.09% and 1.6%, and increased as strain 























high organic content organobentonites were essentially constant at the tested strain range, 
with much higher values (2.7%, 3.9%, and 5.5% for 60HDTMA, 100HDTMA, and 
100TBA bentonites, respectively) than the low organic content organobentonites at shear 
strains below threshold strain. Constant damping ratios at tested strain ranges indicated 
the elastic range of high organic content organobentonites was equal to or higher than 
0.024%. However, the damping ratios of high organic content organobentonites were 
much higher than regular soils, such as proposed by Vucetic and Dobry (1991) (reference 
curves shown in Figure 6-8). Back electromagnetic for e (back-EMF) induced by the 
counter reaction of solenoids to the motion of the magnets dissipated energy in the 
system, and resulted in equipment-generated damping ratio. The use of current-mode 
source, however, reduced equipment generated damping to a negligible level in real time 
(Meng, 2003). The tested damping ratios for natural cl ys at resonant frequencies from 
20 Hz to 60 Hz were less than 1% (Meng, 2003). The measured damping ratios were 
similar to those measured for naturally occurring ad rtificially prepared organic soils 
(Kallioglou et al., 2009). It was also noted that dmping ratio increased as total organic 






Figure 6-8. Damping ratio vs. shear strain for organobentonites. The curves were 
from Vucetic and Dobry (1991) 
 










































The dynamic response of organobentontes was studied with resonant column test 
and bender element test in this chapter. The following conclusions can be drawn from the 
study:  
•  Gmax increased as the size, the length of a single longC-chain, or the amount of 
organic loading increased. Increasing the total organic carbon content reduced the 
net surface charge on the particle, which in turn reduced interparticle repulsion, 
resulting in a decreasing void ratio as TOC was increased. The increased particle 
contacts resulted in a higher stiffness soil and a higher value of Gmax.  
• More increase in stiffness was observed when total organic carbon was increased 
by changing the cation structure with a single increasing tail length, as opposed to 
increasing cation size, i.e., increasing all four tail lengths. 
• For the normally consolidated soils tested in this study, plasticity index did not 
have an obvious effect on Gmax.  
• G/Gmax curves for low organic content (O.C. < 8.5%) organobentonite agreed with 
the model by Vucetic and Dobry (1991), while for hig  organic content (O.C. > 
8.6%) organobentonites, no reduction was observed at the RC experimental strain 
range. 
• The linear threshold strains for low organic content organobentonite were similar 
(~ 0.024%), which was higher than that of a natural cl y (~0.01%). The presence 





• The reduction of the shear modulus curve at intermediat  to large strains 
decreased as the size, the length of long C-chain, or the amount of organic loading 
increased, which is contrary to the results in the small strain region.  
• Damping ratios for low organic content (O.C. < 8.5%) organobentonites showed 
some consistency with the model proposed by Vucetic and Dobry (1991), while 
for higher organic content (O.C. > 8.6%) organobentonites, the damping was 
constant throughout the tested strain region and larger than the model by Vucetic 





Chapter 7 Conclusions 
 
This research studied organobentonites that were synthesized with a series of 
quaternary ammonium cations (QACs). The organoclays were characterized, and the 
properties of organobentonites were explored in the following areas: electrical, hydraulic 
and thermal conductivity, high frequency electrical permittivity, electrokinetic potential, 
triaxial shear strength, and small-strain dynamic properties. The effects of the size (the 
length of four short carbon chains), the length of long carbon chains, and the amount of 
organic loading were quantified in each study. Trends observed in the behavior of the 
organoclays are summarized in Table 7-1. 
The laboratory investigation revealed that the presence of the organic cations on 
the mineral surface resulted in increased hydrophobicity of all clays tested. Conduction 
studies on the electrical, hydraulic, and thermal properties of the organoclay composites 
evinced that increasing the total organic carbon cotent resulted in decreased electrical 
and thermal conductivity, but increased hydraulic conductivity, due to the reduced 
swelling of the base clay mineral phase. Electrokinetic properties of the organoclays 
suggested that compared to the clay’s naturally occurring inorganic cations, exchanged 
quaternary ammonium cations were more likely bound within a particle's shear plane, 
resulting in a less negative zeta potential for organoclays than for unmodified bentonite. 
Increasing the length of one carbon tail was more eff ctive at binding organic cations 
within the shear plane than increasing the size of the cation, when compared on the basis 
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↓ ↓ n/a n/a 
Accumulation at the 
air/water interface 
increases as the 
hydrophobicity of the 
cation increases, 








↓ ↓ ↓ ↓ 
Presence of organic 
cations limited access 
to bentonite's interlayer 
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Hydrophobic interlayer 
created by the presence 
of organic cations 
excluded 
disproportionate 
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unmodified clay. Larger 
aggregates formed, 








↓ ↓ ↓ ↓ 
Organic phase created 
insulating layers, 
limited heat transfer 







↓ ↓ n/a n/a 
Mobility of organic 
cations reduced as 
cation size/tail length 
increased due to 




































↓ ↓ n/a n/a 
Mobility of water 
molecules involved in 
hydrating ions was 
decreased due to the 
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↔ ↓ ↓ ↓ 
Reduction in free water 
due to the presence of 
the hydrophobic 
organic phase on the 
clay surface; higher 
specific surface areas 
observed at low TOC 
corresponded to a 
higher amount of bound 
water, which reduced 













↓ ↓ ↓ ↓ 
Decreased net surface 
charge decreased the 
mobility of 
organobentonites, 
limited mobility of ions 
in the diffuse double 
layer, and reduced the 
amount of free cations 
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↑ ↑ ↑ ↑ 
Sorption of organic 
cations resulted in 
decreased water content 
significantly. 
Hydrophobic 
interaction of cation 
tails may also 









↑ ↑ ↑ ↑ 
Presence of organic 
cations resulted in 
decreased void ratio, 
increased particle 
contacts at the same 
confining pressure, 
resulting in increased 
stiffness. 
G/Gmax 
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See 
plot 
Observed increase in 
Gmax was very large, 
and dominated the 
smaller increase in G, 
resulting in a more 
rapid decay as size/tail 
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See 
plot 
Organic phase on the 
clay surface resulted in 
more energy dissipation 
as the size/tail length of 
the molecule was 
increased. Damping 






Regarding to the large strain strength, the modifie organic clays bore increased 
shear strength, in part due to the reduction in water content due to the presence of the 
hydrophobic organic layering. Increases in shear streng h resulted from increased cation 
size, although the effect reached a plateau as the cation tail length was increased. In terms 
of small strain behavior, the shear modulus was shown to be a function of the total 
organic carbon content, with stiffness increasing as either the size of the cation or the 
total organic carbon content was increased, due to an increased number of particle 
contacts. Damping also increased as the organic loading was increased, with the organic 
phase acting as an energy dissipation mechanism. 
This work showed that characterization, conductivity, and electrokinetic studies 
can provide insight and knowledge to explain the observed behaviors of the engineering 
properties of soils. This study also illustrated the effects of the size, the length of a single 
long carbon chain, and the amount of organic loading on many properties of 
organobentonites. It is recommended that, in the future, the following areas need to be 
studied further.  
• Kinetics study on clay suspensions, including the dissolution/precipitation 
kinetics of clay mineral, adsorption and desorption of aluminum hydroxide 
on clay surface, and the subsequent interaction between organic cations 
and inorganic cations on clay surface. 
• Mechanisms of the relaxation frequency shift due to the presence of 




• Numerical simulation on the effect of organics on the shear strength 
behavior using molecular dynamics or programs at the clay particle scale 
level. 
• Both experimental and numerical study on the strengh behavior on more 
organoclays using organics with other functional groups, such as alkenes, 
alkynes, ketones, aldehydes, and aromatic and carboxylic functional 
groups, as well as polymers. Further explore the possible recipe for more 
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